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INTRCDUCTION 
William  L.  Wolfe 

1.1.  purpo.se 

The  design  of  an  infiared  detection,  mapping,  or  tracking  device  is  predicated  on  a  knowledge  pf 
the  quantity  and  quality  of  radiation  at  the  entrance  aperture.  When  such  information  is  known,  the 
design  is  then  based  on  considerations  involving  the  collecting  optics,  the  scanning  system,  the  trans¬ 
ducer,  and  the  electronics.  The  tra.nsducer,  or  the  detector  as  it  is  usually  called  by  infrared  workers, 
is  t.he  heart  of  the  system.  Its  characteristics  usually  govern  such  things  as  the  permissible  informa- 
tinn  rate,  the  required  bandpa,;s,  the  size  of  the  instantaneous  field  of  view,  and  the  Uinitjf  of  the  total 
field  of  view.  The  detector  is  also  a  prime  determinant  of  the  least  radiation  difference  |lletectable  by 

'  !|  l| 

the  equipment.  ij 

A  detector  is  usually  chosen  for  a  system  first  ion  the  basis  of  its  spectral  sensitivity,  and  ne:;.t  on 
the  length  of  time  it  takes  to  res|<ond  to  a  signal,  the  available  areas,  nOise  characteristics,  cooling 

requirements,  and  mounting.  Additional  considerations  are  its  characteristics  as  a  circuit  element - 

principally  Its  Impedance - and  such  things  as  microphonics,  availability,  and  cost.  Certainly,  it  is 

not  possible  to  place  these  characteristics  bi  order  of  importance  for  all  applications,  but  the  general 
arrangement  indicated  aboye  is  probably  representative. 

The  purpose  of  a  state  -of-the  art  report  on  detectors  is  at  least  tWo-fold.  First,  all  the  above- 
mentioned  characteristics  of  detectors  should  be  presented  in  a  clear  and  readily  accessible  form. 

The  system  designer  can  then  use  the  data  he  needs.  Second,  there  should  be  included  enough  theory 
for  the  piigineer  to  estimate  tl.^  characteristics  of  detectors  of  the  future  for  his  systems.  This  theory- 
should  also  provide  a  basis  for  the  detector  workers  to  advance  the  state  of  the  art. 

The  first  tour  chapters  of  this  report  introduce  and  describe  the  ways  that  solid-state  devices 
are  used  to  transduce  a  flux  of  incident,  infrared  photons  into  an  electrical  signal.  Chapters  5  and  6 
describe  the  properties  of  present  photodetectors  and  some  po-ssibilities  for. the  future.  The  appen¬ 
dixes  inciude  descriptions  of  test  procedures,  immersion  techniques,  and  cooling  devices. 

1.2.  LIMITATIO.NS 

rill  I  f  are  two  in  rlas.sify  infrared  detectors.  Thf  y  may  be  rias.sified  .ir.’ordtng  to  'AheSheT 

tiu  y  integrate  all  the  power  lalllng  on  tlieir  surface  or  A;hith(r  they  respond  to  local  power  deii.sitie.s 
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throughout  their  surface,  therohy  creatm;;  an  image-  They  may  also  be  classified  aceordina;  to  the 
ohysinaJ  mechanism  that  is  the  basis  of  the  iraiisauciion;  The  latter  classification  scheme  is  prob¬ 
ably  liie  muic  luiidauionta?.,  but  the  fcrincr  iu  uf  more  use  in  •nstrumentatinii  urobleins.  Imagtrig  de¬ 
tectors,  for  the  purposes  ot  this  reuors;,  iire  such  things  as  phcitoiimissive  tubes,  the  Evaporegraph, 
the  Edgtfgraph,  and  the  Thermicon.  In  general,  the  latter  three  devices  are  presently  not  satisfactory 
t-.,  use  in  infrared  nailitary  equipments  because  they  have  not  res.ch^ld  sufflclentlv  advanced  stages  of 
deveiopmeni.  Photoemissive  tubes  have  a  fundamental  wavelength  limit  of  sensitivity  which  is  short; 
they  arc  therefore  not  useful  in  most  modern  systems  which  ate  based  on  detecting  radiation  emitted' 
by  targets.  Such  radiation  Is  usually  concentrated  in  the  longer -wavelength  regions.  Therefore,  the 
imaging  detector  is  not  considered  in  this  report.  .  't 

I 

'  vThe  two  principal  methods  of  detecting  lnfrar>td  radiation  and  transducing  it  iiito  an  electrical  slgL 
nal  are  thermal  detection  and  quantum  (photo)  detection.  All  infrared  detectors  are  ultimately  quantum 
detectors  since  radiation  occurs  in  this  form;  the  distinguishing  feature,  however,  lies  in  the  method 
by  which  the  detector  transduces  the  radiapt  power.  Since  ti.ansductlo»  in  the  Uiermal-detectionpcase 
is  priijaarily  a  simple  power  conversion  in  which  the  radiant  power  is  converted  into  the  increas^id  heat 
of  the  detector,  these  detectors  Slave  a  flat  spectral  response.  On  the  other  hand,  the  quantum  orf 
phetodetoctors  which  respond  to  incident  photons  by  changing  their  electronic  state  do  not  exliiblt  |Ln 
appreciable  temperature  rise;  they  have  a  very  strong  wavelength, dependence. 

'  '  ii 

5  :  J 

Thermal  detectors  have  be^n  used  for  many  years.  Some  examples  are  bimetallic  strips,  thftrmo- 
coupies,  thermopiles,  metal  bolometers,  and  thermistor  bolometers.  Generally,  thermocouplpe,. ther¬ 
mopiles,  and  bimetallic  strips  are  relatively  Insensitive  to  thermal  radiation  and  quite  sluggicili  In 
their  response.  Metal  bolometers  have  not  shown  much  promise  to  date,  although  the  work  of  l...yDavl8 
at  the  Hughes  Aircraft  Company  indicates  that  such  a  bolometer  in  modern  forrhtlfiiight  be  com{)ej:ltive 
in  sensitivity  and  response  with  some  phoiodetectors  (Reference  1-1).  Thermistor  bolometers,  ifirst 
developed  by  W,  \V.  Brattain  (Reference  1-1),  have  been  the  workhorse  of  military  detection  sysfems 
in  the  3-  to  l3-fi  region  of  the  spectrum  (although  recent,  extrinsic  detectors  should  surpass  Iherm- 
islors  in  time  constant  and  sensitivily).  However,  smee  the  present  knowledge  of  thermistor  bolom¬ 
eters  .has  already  been  summarized,  their  properties  are  not  included  in  this  report  (Reference  1-2). 

Thus,  mis  report  is  limited  to  piiotouetceloi  s.  Indeed  It  will  be  coricerncd  primarily  v.’ith  those 
dctetlors  whose  operation  is  based  on  the  photoconductive,  photovoltaic,  and  photoelectromagnetic 
ju  j;;ri  t!es  oi  ni.uertals. 
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PHYSICS  of  tho  DETECTION  PROCESS 
Gwynn  H.  Suits 


An  understanding  of  the  behavior  of  electrons  in  solids  forms  the  foundation  for  the  de.‘  ription 
of  ihe  interaction  of  radiation  with  qun.njijrn  dstectors.  Therefore,  a  summary  of  the  energy-band 
model  of  solids  is  presented  to  provide  this  foundation. 


2.1.  SUMMARY  OF  THE  ENERGY-BAND  MODEL 

A  very  useful,  though  not  fully  rigorous,  picture  of  the  behavior  of  electrons  in  solids  is  currently 
used  in  most  engineering  literature  or-  semiconducting  devices,  and  a  number  of  good  references  exist. 
The  theory  is  best  expounded  by  the  use  of  an  energy-level  diagram  suAi  as  that  of  Figure  2-1. 

Electrons  move  about  in  a  crystalline  solid.  The  constants  of  motion  are  described  by  four  quan¬ 
tum  numbers  for  each  electron.  Three  quantum  numbers  specify  the  three  components  of  momentum, 
and  one  quantum  number  specifies  the  orientation  of  the  electron  spin.  Within  the  solid,  tlie  momentum 
quantum  numbers  describing  the  electron  motion  have  only  discrete  and  usually  closely  consecutive 
values.  The  total  energy  is  a  function  of  these  discrete  quantum  numbers  and  hence  will  also  have  only 

discrete  values,  which  are  closely  consecutive  (forming  energy  bands)  except  In  a  few  important  In- 

■v 

stance.s  as  illustrated  by  tile  gap  in  energy  in  Figure  2-1. 

For  tiie  purpose  of  this  discussion  the  Pauli  exclusion  principle  applies;  that  is,  in  any  isolated 
atomic  system  (a  semiconducting  crystal  in  this  discussion),  no  two  electrons  may  take  a  motion  which 

Y//// /////// /''///. 

>,//'/  /'^Conduction  Band  // / / 

iW///:v////////A 

“  i  4E  ' 
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is  specified  by  the  same  four  quantum  numbers.  For  every  permissible  set  of  four  quantum  numl-.ers 
there  is  o  value  of  energy  which  the  electron  must  have.  For  an  electron  to  'occupy  '  an  energy  level 
means  tha  t  an  electron  has  a  motion  described  by  the  only  four  quantum  numbers  that  correspond  to 
that  energy  value. 

In  a  crystal  at  absolute  zero  tenriperature,  electrons  tend  to  fall  into  the  motion  which  provides 
the  lowest  total  energy.  Because  of  the  Pauli  exclusion  principle,  however,  .nl!  elertrnn'!  nmnnt  moi-o 
at  the  lowest  energy  levels,  so  some  electrons  must  then  nove  at  higher  energies.  In  the  case  of  an 
ideal  semiconduijtor  illustrated  in  Figure  2-1,  the  "valence  band"  is  fully  occupied.  There  are  exactly 
as  many  electrons  as  valence  -band  energy  levels  to  be  occupied.  A  gap  of  forbidden  energies  exists 
between  the  lower-energy  valence  land  and  the  higher-energy  empty  conduction  band.  This  simply 
means  that  no  combination  of  the  four  quantum  numbers  corresponds  to  energies  in  the  gap  range  so 
tliat  electrons  carinot  move  through  the  material  with  total  energies  which  are  forbidden.  , 

ii 

2.2.  THERMAL  EXCITATION  OF  ELECTRONS 

The  smooth  motion  of  electrons  through  a  crystal  lattice  depends  upon  the  perfect  spatial  peri¬ 
odicity  of  the  electrical  potential  energy.  Any  abrupt  change  from  periodicity  may  provide  a  possible 
disruption  of  the  motion.  Ev^h  at  low  temperatures  (s.g.,  liquid-nitrogen  temperature)  the  atoms  in 
crysuls  are  In  constant,  agitati^d,  thermal  motion.  The  motion  is  also  quantized  and  can  be  repre¬ 
sented  by  the  superposition  of  mfiny  quantized  plane  waves  of  strain  moving  through  the  crystal. 

Each  quantum  of  strain  energy /fs  given  the  appropria'le  name  ’’phonon.:'  This  aiechaiiiual  agitation 
tends  to  d.is,r'ipi  the  periodicity  aiiu  hence  the  smooth  motion  of  electrons.  However,  a  disruption  of 
the  motion  can  occur  only  to  those  electrons  which  can  change  their  motion  or  quantum  numbers  by 
such  amounts  that  the  change  in  electron  energy  is  equal  to  the  energy  to  be  transferred  by  colUaion 
with  the  atoms.  Here  the  influence  of  the  Pauli  prinlcple  is  important  since  the  electron  cannot  ab¬ 
sorb  such  energy  if  the  reBiilfLng  change  in  energy  would  bring  the  electron  to  an  energy  level  which 
is  already  occupied.  In  this  random,  agitated  motion  there  is  an  important  though  infrequent  chance 
that  a  fairly  large  energy  exchange  between  electron  and  lattice  atoms  will  occur  so  that  electrons 
with  energies  near  the  top  of  the  valence  band  can  take  r.,  energies  near  the  bottom  of  the  conduction 
band  where  the  levels  are  not  likely  to  be  occupied.  Once  conduction-band  motion  is  r.stablisbcd,-  the 
elcctr-or.  is  fr.?e  to  a-ccept  even  sinali  aduiiiunai  energy  increments  trom  lattice  abpms  because  of  the 
low  probability  that  adjacent  energy  levels  in  the  conduction  band  'Will  be  occupied.  The  resulting 
motion  of  the  electron  is  then  equivalent  to  Brownian  motion  as  long  as  it  moves  with  conduction -band 
energies. 
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2.3.  THE  CONCEPT  OF  "HOLES" 

When  an  electron  in  the  valence  uaud  is  excited  into  conduction-band  energy  levels,  a  vacancy 
occurs  in  the  energy  level  which  it  has  left.  This  vacancy  can  be  occupied  by  other  electrons  in  Uie 
valence  band  by  means  of  small  chiingea  in  energy  which  can  easily  be  supplied  by  the  lattice  motion. 
The  net  result  Is  that  the  vacant  level  becomes  occupied  and  a  new  vacancy  develops  at  a  slightly 
different  energy.  This  wandering  vacancy  acts  physically  as  If  a  positively  charged  pariicle  weic 
undergoing  Brownian  motion  with  a  tendency  to  rise  on  the  energy-level  diagram  to  the  highest  occu¬ 
pied  energy  level  (in  contradistinction  to  the  electron  which  tends  to  fail  to  the  lowest  unoccupied 
energy  level).  The  hypothetical  particle  is  called  a  "hole"  or  p-type  charge  carrier  because  of  the 
positive  effective  charge.  The  electrons  In  the  conduction  band  in  parallel  nomenclature  are  called 
n-type  charge  carriers. 

2.4.  FLOW  OF  CHARGE  CARRIERS  ' 

If  the  energy  levels  of  Ute  valence  band  were  completely  filled,  there  would  be  as  many  electrons 

moving  in  the  vx  direction  as  in  the  -it  direction  so  that  no  net  current  would  fow.  The  application  of 

i; 

an  external  elfcctric.fleld  does  not  alter  this  situation  since  the  electrons  cannot  Increase  in  energy 
by  sufficiently  small  steps  to  accept  acceleration  by  the  field.  The  Paul!  principle  forbids  small 
jumps  to  levels 'already  occupied,  and  the  gap  of  forbidden  energies  is  too  large. 

However,  as  solin  as  a  pair  of  n-  and  p-type  carriers  are  formed  by  the  excitation  of  an  electron 
from  valence-l»nd  energy  to  conduction-band  energy,  current  can  flow,  but  only  as  niuch  curreiit  as 
the  motion  of  two  charge  carriers  can  provide.  The  conductivity  Is  proportional  to  the  nuniber  of  such 
carriers  and  to  their  mobility  in  the  crystal  so  that 


<7  =  e(n(i^  +  pfip) 

where  e  is  the  magnitude  of  the  electronic  charge,  and  n  and  p  are  the  mobilities  or  the  average 

'  n  ,  p 

drift  velocity  per  unit  electric  field,  respectively;  n  and  p  are  the  carrier  concentrations  in  tlie  mobile 
condition. 


2.5.  IMPURITIES  IN  SEMICONDUCTORS 

In  most  cares,  impurities  in  semiconductiriK  materials  are  detrimental  to  the  properties  desir¬ 
able  in  infrared  detectors,  bu'  under  coniroiieu  cuiiuiiiuus  tiac6.9  bf  impuriticE  in  otherwise  pore  ■ 

semiconductors  can  provide  certain  desirable  changes  in  the  energy-band  structure.  Concentrations 
6  9 

of  the  order  of  1  part  in  10  to  10  of  selected  materials  are  sometimes  intentionally  introduced  lor 
particular  ettects. 
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Like  any  defect  in  the  i>erfect  oeriodicity  of  a  crystal  potential,  an  atom  of  an  impurity  in  the 
■  rysul  ti  lids  to  disrupt  me  smooth  liiotioii  of  o-  m-  "-type  carriers  whirh  mi^hf  othei  "/Ise  be  fret  to 
accelerate.  In  addition,  impurities  can  alter  t.hc  energy-bai  d  picture  in  variou.s  ways  as  indicated  in 
Fipure  2-2. 

The  energy  levels  due  to  impurities  which  are  of  interest  fall  within  the  large  forbidden-energy 
gap.  These  levels  are  in-tjcated  as  short  in  spatia.  eAteaSiun,  indicating  that  the  electron  is  localized 
in  space  in  the  neighborhood  of  the  impurity  atom  causing  this  change. 

It  should  be  noted  that  for  substitutional  impurities  (those  which  take  the  saine  lattice  position  as 
the  atoms  of  the  pure  material),  the  dashed  lines  are  not  additional  levels  but  represent  an  alteration 
of  what  was  there  before. 


Two  important  types  of  alterations  may  occur.  The  level  marked  D,  called  a  donor  level.  Is  nor 
mally  filled  at.  low  teinperat  bo.  while  t.*ie  level  marked  A.  called  an  acceptor  level,  is  normally 
empty  at  low  temperature. 


pTTTZTTTTTTTTTTT/Leveis 


^  ,  Valence  Band 

/// 


FIGURE  2-2.  THE  BAND  PICTURE  OF  AN  IDEAL 
SEMICONDUCTOR  WITH  IMPURITIES 


•At  higher  temperatures  the  thermal  excitation  is  sufficient  to  excite  electrons  from  donor  levels 
to  the  conduction  band  in  such  numbers  that  the  population  of  t.he  donor  levels  is  significantly  depleted 
A  semiconductor  in  this  conditioi  will  exhibit  impurity  conductivity  having  carriers  of  predominantly 


n-type.  A  similar  picture  applies  to  p-typs  coaduuiiuri  and  aceeptoa^  ie-eis.  The  empty  localized 
uuiior  itvei  may  De  thought  to  contain  a  trapped  hole,  and  the  excitation  of  a  valence-band  electron  to 
t.hat  level  may  be  viewed  as  ihe  excitation  of  a  p-type  carrier  from  the  localized  level  to  the  valence 
band.  In  any  real  crystal  there  are  both  types  ol  impurity,  although  one  type  usually  predominates. 
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2.6.  INTE.RACTIOi\  “vvi  mi  kauia  rjuN 

The  excitation  of  electrons  in  a  solid  may  bo  brought  about  by  the  mechanical  agitation  of  atoms 
(phonons)  or  by  the  absorption  of  photnrt.c  which  strike  the  crystal.  While  both  types  of  e.\cjtauon  are 
■;;;  ;7;  ta:.‘  i:i  inifi  ared  d.:tcctc. o,  ti.e  cwctKiliuii  by  e'*otons  plays  a  central  rote. 

'  Suppose  a  pure  crystal  is  held  at  low  teniperatnre  .■sn  that  the  number  of  excited  carriers  {."lec- 
troriE  in  the  conduction  band  and  hole.s  in  the  valence  band)  is  small.  Let  the  gap  of  forbidden  energy 
he  E  .  No'.v  'vher.  a  photon  of  frequericy  f,  SuCn  liiai  iu  d  E  ,  is  absor  oed  in  the  crystal  by  a  valence - 
band  electron,  the  elect  on  will  lie  excited  to  the  conduction  band,  creating  an  n-  and  p-type  carrier 
pair  which  would  not  normally  be  there  in  thermal  equilibrium.  This  extra  pair  increases  the  con¬ 
ductivity  of  the  crystal  slightly  as  long  as  it  exists.  The  rate  at  which  pairs  are  created  will  be  pro¬ 
portional  to  the  number  of  suitable  quanta  incident  upon  the  crystal,  usually  the  extia  electrons  and 
holes.do  not  stay  separated  for  long.  They  recombine  by  the  aid  of  at  least  two  mechanisms,  but  the 
end  result  is  ‘he  same  regardless  of  the  mechanism,  i.e.,  a  conduction -band  electron  finds  a  hole  in 
the  valence  ..rniq  and  loses  energy  so  that  It  returns  to  the  original  lower  energy  level.  The  rate  at 
which  extra  n-  ahd  p-type  carriers  recombine  will  determine  the  average  time  extra  carriers  can 
spenS  in  the  conducting  state  of  motion. 

In  a  pure  crystal  the  average  time  spent  by  the  charge ^jrriers  in  the  conducting  condition  and 
the  average  time  required  for  recombination  are  the  ssnie.  However,  if  spatially  localized  energy 
levels  called  traps  exist  in  an  Impure  crystal,  then  the  charge  carriers  will  spend  a  portion  of  their 
time  in  these  nonconducluig  levels  and  will  be  free  to  conduct  only  iniermittenOy.  The  "lifetime"  of 
the  carriers  is  defined  as  the  average  time  which  the  cliarge  carrier  spends  in  the  conducting  cond*- 
tion,  while  the  "recombination  time"  is  defined  as.  the  average  time  the  charge  Carriers  stay  in  the 
excited  states  of  motion,  which  includes  the  time  spent  in  temporary  localized  positions  at  traps. 

Thus  the  recombination  time  Is  always  greater  than  or  equal  to  the  lifetime. 

In  many  cases,  a  trap  energy  level  can  be  "occupied"  by  only  one  charge  carrier  so  that  the  aver¬ 
age  population  of  carriers  in  all  trap  leve's  can  never  exceed  a  certain  maximum  number.  As  the 

» 

population  of  carriers  in  trap  levels  increa.ses,  the  number  oi  unoccupied  traps  becomes  significantly 
sparse  so  that  the  influence  of  traps  tends  to  b  come  insignificant.  The  rate  at  which  charge  carriers 
are  trapped  depends  upon  the  "cross  section"  for  capture  by  the  traps  for  a  particular  charge  carrier. 


2.,..  V  T  An, 

N  n  n 


R  =  —  u  T  An. 
n  Nun 


R  =2!!  V  T  Ap 
P  P  P  P 

R  .  -  22  u  T  Ap 
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v.here  R  -  the  number  per  cub,'’  centimeter  per  second  of  extra  carriers  trapped 
}  .  -  the  capture  cross  section  of  the  trap 
u  i  the  averakc  soeed  ta  the  rhar^p  eaerie.- 
or  =  the  concentration  of  the  respective  empty  traps 
An  or  Ap  -  the  concentration  of  the  respective  extra  charge  carriers  in  the  conducting  state  of  motion 
Subscripts  n  and  p  are  used  to  indicate  electrons  and  holes,  respectively. 

Thp  rate  at  ’.vhich  c”tra  carriers  are  jc-einiiLeu  into  the  conai'cting  state  of  motion  depends  mainly  = 
upon  the  size  of  the  energy  jump  required  to  get  away  and  the  concentration  of  occupied  traps.  The 
dependence  upon  the  size  of  the  required  energy  is  a  statistical  one  governed  approximately  by 
Maxwell- Boltzmann  statistics.  Therefore  one  can  say  that  the  probability  of  a  transition  is  propor¬ 
tional  to  exp  (-ETkT).  where  E  is  the  required  energy  and  kT  represents  the  thermal  energy.  When 
t-hd  thermal  energy  kT  becomes  very  large  compared  to  the  required  energy,  the  probability  of  a 
transition  approaches  I;  when  kT  <  <  E,  the  probability  approaches  0.  Hence, 

G  =  F  T'_  exD  (-E  .'kT) 

n  II  **  ■  n  ^ 

G  =  F  T’  exp  (-E  /kT) 

P  P  p  P 


J 


where  G  '  the  number  of  carriers  per  cubic  centimeter  per  second  which  break  free  of  traps 
F  -  a  constant  characteristic  of  the  trap 
T^  and  -  the  concentrations  of  occupied  traps 
E  =  the  required  energy 
k  -  the  Boltzmann  constant 
T  -  the  absolute  temperature 

n  and  p  subscripts  indicate  "electrons”  and  "holes,"  respectively. 

If  the  semiconductor  is  placed  in  a  field  of  incide.nt  radiation,  extra  charge  carriers  can  be  gen¬ 
erated  iiy  absorbed  photons.  If  .1  represents  the  imrolier  of  photons  per  unit  area  per  unit  time  in¬ 
cident  on  the  semiconductor,  and  if  a  is  the  absorption  coefficient,  then  a  relation  for  the  rate  of 
change  of  extra  free  carriers  ^.an  be  written 

~  (An)  =  aJ  -  An/r  +  F  T'  exp  (-E  'kT)  H  u  T  An 
at  nnn  n  nnn 


~  (Ap)  -  aj  -  Ap  r  -  F  T'  exp  <-  E  kT)  -  Zv  u  T  Ap 
di  p  1)  p  n  P  P  P 


ti 

f* 
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Although  the  further  analysis  of  this  mo.del  will  not. be  covered  here,  certain  important  conse¬ 
quences  snnol.l  i'<?  pointed  n..t  Motice  that  the  lifetimes  cf  the  two  types  of  carriers  need  riOt  l-e  the 
same,  and,  in  fact,  are  usually  significantly  different.  The  extra  charge-carrii  r  concentrations  need 
not  be  equal;  and,  in  general,  are  significantly  different.  Recall  that  by  definition  in  and  Ap  are  the 
extra  carri(?rs  which  are  tn  the  conducting  state.  Those  stuck  temporarily  in  traps  are  not  counted. 
Since  the  crystal  is  oxpcutiru  to  be  eleciricaiiy  neutral  at  ail  times,  the  balance  of  extra  charge  car¬ 
riers  must  reside  in  traps  when  Ap  /  An. 

in  the  simple  trap  model  which  is  discussed  here  only  one  carrier  is  required  for  occupation. 
Hence  the  concentration  of  ernpty  traps  plus  the  concentration  of  traps  occupied  by  extra  carriers 
must  just  equal  the  concentration  N^,  of  traps  normally  unoccupied  during  thermal  equilibrium — 
i.e., 

T  +  T’  =  T 
n  n  no 

+  T'  =  T  „  „ 

p  p  po 

Tliua  the  above  relations  may  be  written  as 


d  An  _  „ ,  An  _  (  ^n^  ^  ~ 


'  „  -  T' )  An 
no  n 


d  An  '  ,  Ap  ,  y  ~ 

dt  "  T  kT  /  P  I 


pV^no-T’„)^P 


In  thermal  equilibrium  all  quantities  of  An,  Ap,  N',  and  P'  are  zero  by  definition.  Hence,  An  and 
Ap  will  both  increase  at  the  rate  of  aJ  when  proper  illumination  Is  abruptly  started.  When  the  steady 
state  has  beer,  reached  under  illumlnatl'^n 

dt 


Moreover,  it  can  be  demonstrated  by  straightforward  reasoning  that  the  terms  on  the  right  must  bal- 

S.tjCv  ITi  pSiTS- 

::  aj  -  ^  -  0 


T  -  T')  An  =  0 
no  n 


and  similarly  for  the  p-type  carrier.  Since  there  is  no  net  trapping  now,  the  population  of  extra  car  ■ 


ru-!'h  sin’iiiiv  An 


aJ  and  Ad  -  r  riJ. 
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Ttie  effect  of  shaUow  temporary  traps  on  the  response  tinie  is  usually  to  lengthen  the  rise  and  '' 
the  decay  times.  In  ol'der  to  establish  a  steady  state,  additional  carriers  must  he  generated  to  pop¬ 
ulate  the  traps  as  well  as  to  .supply  the  usval  loss  of  carriers  through  recombination.  The  decay  time 
is  also  delayed  by  the  time  required  to  empty  the  population  in  temporary  traps. 

The  final  recombination  of  carriers  can  occur  by  the  direct  collision  of  p  and  n  carriers  so  that 
the  process  can  be  written  as 

photon  +  n 

The  r- action  rate  of  the  reverse  reaction  is  very  small.  Some  traps  reside  in  .icmiccnductors  which 
have  energy  levels  with  relatively  large  energy  differences  from  the  valence  band  or  conduction  b^d. 

Ill  this  case,  the  probability  that  a  trapped  carrier  may  be  re-emitted  to  the  conducting  condition  by 
thermal  agitation  is  small  compared  to  the  probability  tluit  recombination  with  tne  opposite  carrier 
will  occur  at  that  trap.  The  traps  at  which  recombination  ran  occur  are  so.metirnes  called  "recombina¬ 
tion  centers."  '■ 

The  following  reaction  can  take  place: 

r  +  n’^(r,  n)”  ♦  phonon 
(r,  n)’ +  +  phonon  i 

where  r  represents  the  recombination  site,  and  the  phonon  represents  the  mechanical  motion  of  the 
lattice  atoms.  Actually  reactions  other  than  that  listed  above  can  also  occur.  12  the  energy  levels 
and  energies  of  reaction  are  proper,  the  reaction  described  by  the  Secwid  line  above  pould  be  a  re¬ 
action  described  by 

(r,  n)’  +  +  photon  ^1 

where  the  photon  which  is  emitted  is  of  tower  frequency.  In  general,  combinations  of  these  mid  other 
reactions  take  place  simultaneously.  r .. 

Since  the  lifetime  of  a  carrier  is  measured  only  by  the  average  time  extra  carrieie  remain  in  the 
conducting  condition,  the  trapping  of  a  carrier  by  a  recombination  center  ends  the  life  of  the  carrier 
even  though  that  carrier  may  liave  to  wait  for  a  carrier  of  opposite  type  to  complete  the  recombination 
reaction;  so  it  is  not  unexpected  to  find  the  lifct-.m.-s  of  the  bwo  carrier  types  differing  by  significant 
a.niouiits.  Uns  'vpc  of  carrier  u.sually  waits  for  the  other  in  a  recombination  center. 

The  operation  of  infrared  quantum  detectors  in  the  photoconducting,  photovoltaic,  and  photoelectro- 
magiieiic  modes  is  based  upon  the  monitoring  of  the  extr.t  carriers  generated  in  the  above  fashion.  The 
means  by  which  this  monitoring  is  performed  determine  the  mode  of  operation  of  the  detector. 


13 


iiiMitufe  of  Science  and  Technology 


The  Univetsify  of  Michig 


3 

THEORETiCAl  OeSCKiPTION  of  DETECTORS 

f 

•iAi 

This  chapter  deals  primarily  with  the  processes  of  signal  and  noise  generation  in  qtiantuin  and 
thcrinal  dijjtectors.  In  addition,  a  detector's  speed  of  response  and  its  spectral-response  character¬ 
istics  aiedescribed.  However,  additional  information  pertinent  to  these  last  twotparameters  is  found 
in  Appendj^  A.  1 

The  mechanisms  involved  in  signal  and  noise  generation  will  he  described  in  substantial  detail, 
accompairierf.  generally  by  quantitative  treatments  that  hopefully  exemplify  appropriate  analysis  pro¬ 
cedures.  The  intention  here  is  to  establish  the  necessary  background  for  Chapter  4,  which  deals  with 
theoretical  cbncepts  for  evaluating  the  performance  capabilities  of  detectors. 

3.i.  Si ::NAL  GENERATION  IN  QUANTUM  DETECTORS 

The  quantum  detector  absorbs  electromagnetic  radiation  (or  photons),  and  thereby  generates  in¬ 
ternal  charge  carriers.  The  mechanism  ol  this  process  requires  that  the  quantum  of  energy  asso- 
ciafsd  with  the  photons  =  hX/c)  be  greater  than  some  critical  energy  corresponding  to  allowed 
transitions  between  energy  levels  in  the  forbidden-energy  region,  the  conduction  band,  and/or  the 
valence  band  of  the  semiconducting  detector.  This  process  is  carried  out  without  any  significant 
temperature  change.  The  carriers  so  generated  appear  in  a  iorm  suitable  for  measurement  as  a  volt¬ 
age  or  a  current. 


3.1.1.  PHOTOCONDUCTTVE  DETECTORS.  The  photoconductive  detector  is  generally  operated 
wicii  ihe  simple  circuitry  of  Figure  3-1.  The  voltage  drop  across  the  detector  is  given  by 


where  V  is  the  bias  battery  voltage 


(3-1) 


r  ifi  fHp  InaH  resistor 
L  . 

r^,  is  th'-  resistance  of  the  photoconductive  detector. 

The  signal  voltage  is  the  variation  in  the  voltag.r  drop  caused  by  the  change  in  whe,i  the  detec¬ 
tor  IS  c.xpo.sed  to  signal  radiation. 


u 
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vv';.  i  I  I  (the  bias  curi  V.  (t\  -  t  ^)?  ‘tiiu  AI  -  0,  bir.ee  phoiucionduci ive  detekitors  are  generally 

L.  '<w 

operated  vinder  constant-current  conditions. 


Ttie  change  in  resistance  is  due  to  the  change  in  the  number  of  carriers  created  by  the  absorption 


are  approximateiy  equai.  The  geometrical  configuration  sho'ivn  in  Figure  3-2,  where  the  electrodes 
are  placed  across  the  wd  end  faces  and  the  5w  surface  is  exp^fjsed  to  radiation,  will  be  used  for  all 


arwis 


_L  -  J—  -  ^ 

’‘C  '  ^dw  ~  ffdw  ~  2ne^dw 

where  p  is  the  electric  resistivity 

■j  Is  the  electric  conductivitv  =  neu  oeu  =  2npn 

■  n  *  •  p 

M  is  the  mobility  and  =  M 
n  is  the  concentration  of  electrons 
p  Is  the  concentration  of  holes 
(  is  detector  length 
w  is  detector  width 
d  is  detector  thickness 


PREAMPLIFIER 


Kiril  RK  ■!-  I.  PHOTOCONPfCTfiR  DETBICTOR 

emeuT 


FIGtTtr  :i-3.  DETECTOR  GEOMETRY 
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When  radxafior.  s'.nkes  tne  decector.  it  taUStS  a  chaMiic  hi  the  densit 
a  change  in  condvintivity.  The  change  in  resistance  is  then  given  by 


cf  carriers,  and  therefore 


Ar-^-An  - 
^  dn  “s  dw  N 


S 


where  Ng  =  nwfd,  N  is  "total  number  of  carriers,"  and  the  subscript  S  means,  "due  to  signal  radiation. 
The  signal  voltage  is  then 


V  =i.Ar  S 

S  r,  +  r„  dw  n 

Lt  Cr 


(3-3) 


_v_.eL.^ 


S  r,  +  dw  N 
The  photodetector's  small-signal  properties  are  governed  by  (Reference  3-1): 


(3-4) 


d  ‘5 

(3.5) 

where  ANg  =  N(t)  -  N,  A  is  (he  area  w?,  N.is  the  equilibrium  number  of  electrons  in  the  absence  of 
the  signal  photon  flux  density  Jg,  t?g  is  the  responsive  quantum  efficiency,  N(t)  is  the  number  of  elec¬ 
trons  at  time  t,  and  t  is  the  electron-hole  lifetime.  The  solution  of  this  equation  for  a  sinusoidal  sig¬ 
nal  of  modulation  frequency,  f  =  u>/2ir,  is 

(3-6) 

N1  +  (‘*>T) 

The  fractional  change  in  conductivity  is 


AN  (f) 

_ ai-L. 


n  .T  T 

■lit  g 


nd\l  -  (u>7) 


T.he  signal  voltage  is 


(3-7) 


V„  =  . 


‘L  ^‘C 


n  .7  r 

's~s- 


"NJi  + 


nd 


(3-8) 


It  IS  clear  that  signal  response  improves  with  longer  lifetimes,  improved  quantum  efficiencies,  and 
decreasing  equilibrium  density  of  carriers. 
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3.1.2.  PHOTOVOLTAIC  DETECTORS,  'file  infrared  photovoltaic  detector  is  usually  a  single 
crystal  of  some  semiconductor.,  with  rtisfinctive  n  a.nd  p  regions.  These  regions  are  separated  by  a 
barrier  calleri  the  "depletion"  layer,  across  which  a  .strong  electric  field  exists.  Similar  layers  can 
also  be  formed  at  a  meta.i -semiconductor  contact,  at  a  p-type  surface  on  an  n-type  bulk  crystal,  and 
at  a  mnction  between  two  semiconductors  with  unequal  band  gaps.  AH  of  them  can  be  used  to  generate 
photovoltages. 

Consider  two  crystals  which  are  identical  except  that  one  crystal  has  impurities  which  make  it 
n  type  and  the  other  has  different  impurities  which  make  it  p  type.  The  first  crystal  has  a  greater 
density  of  mobile  or  free  electrenn;  the  secouu  has  a  greater  density  of  holes.  If  these  two  crystals 
are  connected  together  with  perfect  alignment  of  the  atoms  so  as  to  make  one  large  single  crystal, 
then  the  higher  concentration  of  free  electrons  in  the  n  region  causes  a  diffusion  of  electrons  Into  the 
p  region,  and  vice  versa  for  holes.  Each  region  of  the  crystal  is  initially  Independently  neutral  (even 
though  the  two  regions  have  opposite  types  of  conductivity).  Thus  when  an  electron  diffuses  from  the 
n  to  the  p  side  of  the  crystal.  It  gives  the  p  side  a  negative  charge.  The  next  charge  to  diffuse  over 
does  so  with  more  difficulty  since  the  first  charge  has  created  an  opposing  electric  field.  Each  suc¬ 
cessive  charge  that  diffuses  over  experiences  increased  opposition  and  requires  more  energy  to  get 
over  to  the  p  side.  Those  that  do  get  over  have  an  increased  potential  energy  correspondLig  to  the 
charge  build-up.  Exactl]’  the  opposite  situation  prevails  for  holes.  A  negative  charge  layer  Is  build 
up  on  the  p  side,  while  a  positive  charge  layer  is  built  up  on  the  n  side.  This  is  shown  in  Figure  3-3. 
Finally,  an  equilibrium  situation  is  reached  where  eleeijrons  dltfuslng  from  the  n-  to  the  p-type  re¬ 
gion  are  balanced  by  a  flow  of  carriers  drifting  in  the  opposite  direction  because  of  tht-  electric  field. 
A  corresponding  situation  applies  to  holes.  This  explains  why  a  current  flT>w  is  not  observed  when  the 
two  region.;  of  Ihe  crystal  are  connected  to  an  ammeter.  At  first  glance,  an  examination  of  Figure  3-3 
would  lead  to  the  impression  that  the  charge  distribution  should  cause  the  crystal  to  behave' like  a  bat¬ 
tery,  smee  clearly  an  electric  potential  diffeyence  e.xists.  However,  the  total  current  is  the  sum  of 
the  currents  caused  by  this  potential  difference  and  that  due  to  the  imbalance  in  the  charge  densities 
of  the  two  regions.  At  equilibrium,  these  currents  are  equal  and  opposite,  resulting  in  a  net  current 
flow  equal  to  zero.  Mathematically,  this  situation  can  be  described  for  the  one-dimensional  case  as 
follows: 

i  -  aE  ~  -neti  ^  (3-9) 

n  ndx 


dn  kT  dn 

i .  =  u  --  -  —  p  j 
d  n  dx  c  n  dx 
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FIGUnE  3-3.  p-n  JONCTION.  (a)  Simplified  charge 
distribution  across  the  barrier,  (b)  Energy-level 
diagram. 


where  E  is  the  electric  field,  the  p-n  junction  is  taken  perpendicular  to  the  x  dlriiction,  I  and  1 .  are 

n  d 

the  electronic  drift  and  diffusion  current  densities,  respectively,  is  the  diffusion  coefficient  for 
electrons,  given  by  Ihe  Einstein  relationship 


(3-11) 


and  the  other  quantities  are  as  noted  earlier.'  At  equilibrium,  these  two  current  densities  are  equal 
and  opposite,  so  that 


dV  „  dn 
neu  n—  •  D  e  — 
ndx  n  dx 


A  li  an  iii'.Lfii  ation  coiibtani.  A  siimiar  derivation  applies  for  holes. 
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When  photons  arc  continually  absorbed  in  the  region  of  the  p-n  junction,  electrbn-hole  pairs  are 
created.  This  added  concentration  of  carriers  alters  the  diffusion  and  drift  processes  established 
when  no  photons  are  incident  and  results  In  a  new  equilibrium  condition,  A  new,  lotver  potential 
difference  exists  across  the  barrier  The  electric  field  causing  electrons  to  drift  toward  the  n  type 
region  and  the  holes  in  the  opposite  region  create  negative  and  positive  charges  in  the  n  and  p  regions, 
respectively.  This  results  in  the  generation  of  a  photcvoltage  measured  across  ,the  jtinctinn.  Thus  a 
voltage  generator  has  been  created  by  causing  a  new  distribution  of  charge  barriers,  which  exists 
only  as  long  as  new  carriers  arc  continually  being  generated  by  the  absorption  of  photons. 

Another  approach  to  understanding  the  basic  process  is  to  thinlt  of  the  device  as  a  kind  of  current 
generator  in  which  the  new  carriers  generated  are  forced  by  the  new  nonequilibrlum  conditions  to 
move  out  of  the  crystal  junction.  The  n  side  of  the  crystal,  now  with  too  many  electrons,  becomes 
the  negative  electrode  and  electrons  exit  through  its  electrode.  The  situation  is  reversed  for  holes  on 
the  p  type  side,  with  the  understanding  that  the  departure  of  holes  corresponds  to  electrons  entering 
in  p  crystal. 


A  quantitative  treatment  describing  uub  aituatiun  can  be  arrived  at  by  utilizing  the  tlieory  of  the 
p-n  junction  diode.  We  shall  rot  try  to  develop  this  theory  here,  but  only  to  describe  its  results  and 
the  physical  mechanisms  involved. 


The  p-n  junction  is  a  diode  whose  voltage -current  characteristic  depends  on  the  bias  direction 
and  the  magnitude  of  the  bias.  The  modern  theory  of  the  p-n  junction  derives  froin  Shockley  (Ref¬ 
erence  3-2).  The  evolution  of  the  theory  is  described  by  Moll  (Reference  3-3).  According  to  Shockley, 
the  current-voltage  relationship  in  the  simplest  case  (low  applied  field  and  steep  concentration  gr  a - 
(iients  In  going  from  the  n-  to  the  p-type  regions)  Is  given  by: 

I  =  Ig[exp(eV/k'n  -  1]  (3-14) 

where 


P  D 
n  P 


n  D 
P  n 


(3-15). 


where  L  and  L  are  the  diffusion  lengths  of  minority  carrier  electrons  and  holes  In  p-  and  n-type 
P  ^ 

.'naterials,  respectively,  and  and  D,.  are  the  corresponding  rtlffnsion  constants.  The  uiffusiun  con 

r' 

slant  and  diffusion  length  are  related  by: 


•  ii-r 


(3-16) 
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where  t  is  lire  niiiiuriLy  Carsics  liiemne  (icetei encc.£>  3-s  cma  >iiru  D  is  tue  eiixus.'Oii  cociiieieiit 
for  tUher  holes  or  electrons,  as  indicated  by  a;  subscript.  In  this  treatment,  the  current  of  holes  flow- 
InK  In  one  side  of  the  junction  is  the  same  as  that  flowing  out  the  other,  while  the  current  of  electrons 
is  also  equal  at  both  surfaces  of  the  junction  but  moving  of  course  ui  the  opposite  direction.  The  net 
current  flow  is  then  simply  the  sum  of  the  hole  and  electron  currents.  One  assumes  further  that  the 
flow  of  electrons  into  the  p  region  and  holes  Into  the  n  region  (after  passing  through  the  junction)  Is 
essentially  a  diffusion  process;  that  is,  the  n  and  p  regions  are  more  highly  conductive  than  the  junc¬ 
tion;  therefore  practically  all  of  the  voltage  drop  is  across  the  juhctlon. 

it  is  clear,  from  examination  of  Equation  3-12  in  the  case  of  an  applied  voltage  sufficiently  large, 
that  I  is  exponentially  dependent  on  the  voltage.  When  the  applied  voltage  is  negative,  the  current  flow 
approaches  the  saturation  value  I^.  The  first  case  exists  when  tlie  n  region  is  attached  to  the  negative 
electrode  of  a  d-c  supply,  while  the  p.reglcn  ic  made  positive.  This  reduces  the  potential  difference 
across  the  junction  from  its  original  equilibrium  value  and  facilitates  current  flow.  When  the  bias  is 
applied  in  the  reverse  direclion,  and  the  current  reaches  its  saturation  value,  the  current  flow  is  due 
entirely  to  the  number  of  minority  carriers  able  to  cross  the  junction.  It  is  now  the  electrons  origina¬ 
ting  In  the  p  mater.ial,  within  a  diffusion  length  of  the  barrier  L^,  and  the  holes  in  the  n  material,  with¬ 
in  a  diffusion  length  of  the  barrier  .vhich  constitute  the  carriers  for  current  flow.  These  carriers 
are  rreated  hy  the  G-R  (gensration-recombtuation)  process  whereby  clcctron-hoU  pairs  are  created 
in  the  lattice  from  phonon  (thermal)  interaction  between  atoms  that  make  up  the  lattice.  The  satura¬ 
tion  arises  when  all  possible  minority  carriers  from  either  side  of  the  Junction  region  are  contribut¬ 
ing  to  the  current  flow. 

The  theory  and  experimental  results,  however,  difter  somewhat,  even  alter  all  sources  of  error 
such  as  surface  leakage  and  crystalline  iraperfecUons  are  included  in  the  analysis.  To  resolve  this 
difference  an  extra  current  component  is  distinguished,  which  is  attributed  to  charge  carrier  genera- 
tir>n  by  the  absorption  of  photons  In  the  barrier  region.  The  p-n  junction  equation  then  becomes 


where  is  the  current  induced  by  the  incident  background  radiation.  Derivations  of  I,,,.,  are  given 
by  Cumme-row  (Reference  3-6)  and  Riltner  (Reference  3-7)  in  treatments  of  the  solar  battery. 

The  tj^Catment  of  the  p-n  junction  is  stili  not  complete  in  that  account  has  not  yet  been  taken  of  the 
facts  tha:  carriers  are  created  by  phonon  interaction  in  the  generation-recombination  process  witbin 
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the  barrier  region,  and  that  there  is  a  shunt-conductance  leakage  for  practical  diodes.  The  equation 
has  to  be  further  mortified  in  the  forni 


1  jexpf— ll  - 
s  I  \i3ki  /  sc. 


*  G  ,V 
sh 


where  3  is  a  constant  that  provldesi  the  measure  of  the  extra  charge  carriers,  and  Is  the  conduct¬ 
ance  ui  siiiuiL  wiih  uie  diode.  The  lactor  p  is  unity  for  an  ideal  diode,  but  in  practice  is  about  2  to  3. 


"  This  last  equation  can  be  used  to  derive  either  an  expression  for  the  output  open  circuit  voltage 
generated  from  a  p-n  Junction  photodetector,  or  an  expression  for  the  short-circuit  current.  When 
used  as  a  photodetector,  without  any  biasing,  V  in  Equation  3-13  becomes  simply  the  generated  volt¬ 
age.  For  the  open-circuit  case  no  current  can  flow,  and  the  output  voltage  becomes 

V  =  (3-19) 

e  \  y 


while  for  the  short-circuit  case,  where  V  =  0, 


In  the  case  where 


the  logarithm  above  reduces  to 


^  ^  r _ 1 _ 

-  e  -1/  Ll.(dkT/e)-(G^^/yJ 


For  the  case  where  a  periodically  modulated  signal  is  superimposed  on  a  steady  background,  a  cor¬ 
respondingly  modulated  voltage  of  amplitude  and  current  I,,  are  added  to  the  background  V„  and 
Ig.  The  modified  expression  is 

•  ‘  '■’‘P  ”b  *  -M  —  '  Sh'-'B  '  ^’m 
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Consider  only  the  simple  case  where  the  total  voltage  generated  is  sufficientl3'  small  so  that 
""P  ,ir  J  ^  ^  B  " 

Then 

^  *“‘>1  ■  ‘‘^‘1  ^  ^sh  T’^R  ^  exp  ia,t] 


The  shOT^  circuit  current  becomes 


IgC  =  ■  (Iq  +  ®*P 


The  open-circuit  voltage  becomes 


The  steady  voltage  is  given  by 


and  the  a*c  component  is 


. . 

'^B  ®*P 


(3-26) 

Oltcii,  the  p-n  junction  photodetector  is  operated  in  a  manner  similar  to  that  of  the  photoconductlve 
detector.  A  bias  voltage  is  applied  to  the  detector  in  series  with  a  load  resistance,  with  the  photosignal 
picked  off  using  the  same  kind  of  circuitry  as  for  the  photoconductlve  detector.  The  bias  is  applied' 
to  the  junction  diode  in  the  reverse  direction  and  effectively  shows  Increased  impedance  to  the  pre¬ 
amplifier  circuit.  Radiation  Is  absorbed  creating  carriers  that  reach  the  junction  region,  causing 
changes  in  the  value  of  As  pointed  out  by  Pruett  and  Fetrltz  (Reference  3-8),  the  response  of  the 
photodiode  to  a  small  radiation  signal  AJg  is  obtained  from  the  differential  of  Equation  3-18: 


c  /,  eV  dv\  „  dV 

dJ,  0kT  rs  BkTdJ.I''  shdJ-  '' 

L  »  \  »/  s_ 


The  small-signa]  short-Oircuit  current  generator  for  a  Norton  representation  is  found  by  holding  V 


i  ^  M 
s 


V  =  constant 


dT 

djg  •'S' 
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This  *erm  represents  the  increase  ;.n  current  due  to  signal  superimposed  on  background  radiation 
photons.  Thus 


and 


dl 


SC 


ei)A 


=  -er)AJ„  (3-28) 

S  o 

where  J  is  the  number  of  photons  per  unit  area  per  unit  time  falling  on  the  detector  of  iirea  A,  and 

O 

where  the  efficiency  of  conversion  to  electron-hole  pairs  is  given  by  tj.  Thus  the  signal  current  ^ 
directly  proportional  to  signal  radiation. 


3.1.3.  THE  PHOTOELECTROMAGNETIC  DETECTOR.  The  electromagnetic  (PEM  or  PME) 
effect  may  be  described  with  reference  to  the  more  familiar  Hail  etlect;  see  Figure  3-4.  In  both  effects, 
a  sample  of  the  semiconducting  material  (usually  in  the  form  of  a  paralleleplpe)  is  placed  in  a  magnetic 
field  and  oriented  su  that  its  length  is  perpendicular  to  the  direction  of  the  magnetic  field.  The  aides 
are  arranged  so  that  the  magnetic  field  is  perpendicular  to  another  pair  of  para'UsI  faces.  In  the  Ifell 
effect  Figure  3  -i(b),  a  current  is  made  to  flow  through  the  sample  by  the  application  of  a  potential 


UGlTTE  3-4.  CtRCUIT  CONFICLltATION'S.  (a)  PEM  effect,  (b)  Hall  effect. 
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dLlference  across  its  ends.  The  maenetic-field  cau.ses  electrons  and  holes  to  drift  in  npnnsitp  direr 
tions  whll  -  they  travel  along  ihe  length  of  the  sample.  In  the  PEM  effect.  Figure  3-d(a),  photon  ab¬ 
sorption  creates  an  excess  concentration  of  electrons  and  holes.  The  existence  of  extra  carriers  at 
the  front  .surface  and  their  absence  at  the  rear  lead.s  to  a  diftusion  of  carriers  from  the  front  to  the 
rear  to  equalize  the  inhomogeneous  distribution.  This  diffusion  process  obeys  the  same  law  as  des- 
c.t  ibtid  uuovc  for  the  photovoltaic  detector  (Kquation  a -10). 

The  motion  of  the  carriers  in  both  ‘samples  is  influenced  by  rhelr  interaction  with  the  magnetic 
field.  In  the  Hall  effect,  electrons  and  holes  usually  of  different  densities  drifting  along  in  opposite 
directions,  and  under  the  influence  of  the  magnetic  field,  tend  to  accumulate  a  net  charge  on  one  side 
of  the  sample.  This  results  in  a  potential  difference  between  this  side  and  the  opposite  face.  Elec¬ 
trodes  placed  on  these  surfaces  permit  the  measurement  of  this  Hall  voltage.  The  diffusion  current 

in  the  PEM  effect  has  both  electrons  and  holes  moving  fyom  the  front  to  the  rear  faces  of  the  sample. 

- 

Charge  carrier  Interaction  with  the  magnetic  field  causes  the  holes  and  electrons  to  be  deflected  in 
opposite  directions,  and  a  potential  difference  between  the  sample  ends  develops.  Electrodes  placed 
across  the  ends  permit  the  measurement  of  the  PEM  voltage.  This  voltage  persists  as  long  as  the 
diffusion  current  flows,  which  In  turn  persists  as  tiling  as  the  detector  is  irradiated. 

Another  phenomenon  that  might  be  noted  here  is  Dember  effect.  Consider  Figure  3-4(a)  with¬ 
out  the  magnetic  field.  Electron-hole  pairs  created  at  the  front  surface  move  toward  the  rear  surface, 
in  a  manner  dependent  not  only  upon  the  carrier  concentration  at  the  front  surface  but  also  upon  their 
mobilities.  If  the  mobilities  are  significantly  different,  one  type  of  carrier  moi’es  ahead  of  the  other. 
This  rc..ults  in  a  potential  difference  between  the  front  and  rear  surfaces,  referred  to  as  the  Dember 

V- 

voltage.  The  resulting  electric  field  creates  a  force  in  opposition  to  the  diffusion  force.  The  equa¬ 
tion  expressing  this  relationship  for  holes  is 

-  -  -  D  ^  ^  pE  (3-29) 

e  pdy  p  y 


Undn  equilibrium  conditions,  I  he  eiectric-field  current  component  equals  the  diffusion  current  and 


I  -  0. 


E 

y 


1^  dp 

bp ’ dy  “  ep ' dy 


(3-30) 


since  =  (kT'e)  pp.  A  similar  expression  applies  for  electrons.  It  is  clear  that  if  electrons  and 
holes  move  with  equal  mobilities,  the  .net  charge  displacement  is  zero,  and  the  Dember  voltage  ceases 
lo  I  xist.  This  field  effect  a.s  noted  by  Moss  (Reference  3-9)  causes  the  slower  carrier  to  accelerate 
i  •  •  f ,,  ti  I  oiii  ti)  slow  down,  tending  to  equalize  their  path  lengths. 
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The  theory  of  the  PEM  effect  has  been  investi<rafpd  in  recent  years,  by  a  number  of  authors,  who 
have  cortributcd  tc  its  conUiiuOu:^  rcihicnicut  (References  it-lO  through  3-18).  Moss  suggests  a  readily 
understandable  approach  which  provides  a  useful  expression  for.  the  t’EM  signal  voltage  (Reference  3-9). 
Assur.is.  tfi-.t  the  mobilities  are  sufficiently  alike  so  that  no  appreciable  electric  field  develops.  The 
charges  created  at  the  front  surface  diffuse  inward  a  distance  given  by  their  diffusion  length. 

L  =  vI'D^t  (3-31) 

n  N  n 

•vhere  r  is  the  average  carrier  lifetime.  The  distance  moved  by  the  carrier  toward  the  electrodes  is 
given  (for  small  d)  by 

L  sin  d  ®  L  tan  d  =  P 

An  estimate  of  the  angle  Q  can  be  derived  using  the  force  components  acting  on  the  carrier.  The 
diffusion  force  per  carrier  is  given  by 

F 

D  ep  dy 

The  force  creafed  by  carrier  Interaction  with  the  magnetic  field  is  given  by 

F_  =  e  [u  .y  B]  =  euB 

O 

where 

kT  dp 
ep  dy 


Therefore 


B  .. 

B  p  dy  p 


tan  e  =  -jr-  =  ep^B 
‘D 


Hence  the  displacement  toward  the  electrodes  is  given  by 

viD  rep  B 
N  r  P 

The  effi  ctivc  charge  recorded  by  the.  meter  in  the  circuit  is 

7  ■\I  D  r  en  B 
f  \  P  P 


Till  tai  lor  1  >  can  be  explained  simply  by  considering  that  one  lead  of  the  crystal  is  attached  to  a'. 

(  li-ctr'iiiii-ti  r.  and  ihaf  the  other  is  attached  to  ground  a.s  in  Figure  3-5.  Considn-  a  'huii  '  ol  rhargi 
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FIGURE  3-5.  EFFECTIVE  CIRCUIT  CHARGE  AS  A 
FUNCTION  OF  CK.VRGE  DISPLACEMENT 


inf initesimaU;^-'. close  to  the  grotinded  electrode.  The  potential  energy  recorded  at  the  electrometer 
is  given  by 

where  k  is  the  dielectric  constant.  Displace  the  charge  a  distance  r  toward  the  electrometer,  so  that 

The  Increase  in  potential  energy  at  the  electrometer  due  to  the  charge  movement  is  given  by 


^  -  '>(  =  P  -  t)  ' 

The  charge  P  indticed  In  the  electrometer  can  be  expressed  In  terms  of  V  by 

V=P/C 

The  capacity  between  two  points  in  space  le  given  by  the  distance  between  Thus 

V  =  P/k({  -  r)  =  p  r/Kt(t  -  r) 

P  =  p  r/f  '  (3-35) 

A  similar  contribution  arises  from  the  electrons  so  that  if  bpth  'siectrotSes  were  placed  directly  across 
an  ammeter  the  net  current  derived  would  be  . 

ijeBJg  /  _  _ \ 


where  J^,  is  the  number  of  photons  per  unit  time  absorbed  by  the  detector  element,  and  77  gives  the 
efiiciency  for  conversion  of  photons  to  electron-hole  pairs.  The  equivalent  open -circuit  voiuige  can 
be  obfoin ’d  by  multiplying  i^  by  the  magnetoresistance  of  the  detector. 
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The  more  complicated  general  cases,  where  p,  and  n  are  independent  variables,  have  been 

treated  by  many  anthore  inclndLng  Pineherle  (Pcfcrcncc  3  11),  Kurnick  and  Zitter  (Keferenee  3-12), 
and  Kruse  lUsftrcuCv  i3-18).  Zitter  {RcTereiioc  3-17)  has  been  shown  thnt  the  short-circuit  P£M  cur 
rent  can  be  expressed  as 


PEM 


b> 


(3-38) 


where 


4t 

and  Ljj  is  the  effective  ambipolar  diffusion  length,  which  for  zero  magnetic  field  reduces  to  the  diffu¬ 
sion  length  of  the  minority  carrier  in  an  extrinsic  semiconductor 
C  is  the  ratio  of  electron  to  hole  densities  for  the  crystal  in  the  dark 
b  is  the  ratio  of  electron  to  hole  mobilities 
is  the  time  constant  for  the  PEM  effect 

PEM 


1  +  tt^B^ 


_D^(1  .  C) 


bC 


[l  +  {M^B^)/b^Jj 


(3-39) 


For  small  values  of  iiB  it  is  clear  that 


kT 

e  '  1  +  bC 


and  that  for  *  p  and  b  *  1, 


*  kT 
^  \T  '^FEM 


3/2 


and  that  is  proportional  to  p  '  .  Therefore,  in  these  limits,  Zitter’s  equation  (3-38)  reduces  to 
the  form  sugf  isted  by  Moss  (Reference  3-9). 


In  the  case  of  pB  large 


W  <f^e  >^h^  ^PEM 

e  2  2 

H^B^  {1  *  C/h) 


1/2 


2  2  2 

such  that  p~B  >  >  b  .  Then  i„,„,  aporoaches  a  value  eiven  bv 

x-  t,m 


Vem 


(3-40) 


and  it  is  cicai  that  the  PEM  signal  i.s  proporlionai  to  the  square  root  of  the  effective  mobility. 
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The  time  constant  appearing  in  the  PEM  etfect  is  a  complicated  quantity.  It  is  deiinea  by  Zltter 
iKeierence  ;ind  compared  with  the  time  constant  for  the  photoconductivo  effect  as 


r  +  cr 
._n _ p 

1  +  C 


r  +  T  /b 

n  D  ... 

'pc’  1  r  1/b  '  ' 

In  extrinsic  material  t  is  just  the  liierime  of  the  minority  carrier,  which  corresponds  to  the  fact 

P£iM 

that  minority  carriers  control  the  diffusion  process  in  this  kind  of  material.  However,  i  is  based 
on  the  fact  that  both  carriers  contribute  to  photoconductivity,  regardless  of  the  type  of  material. 

Since  the  time  constant  Tp^j^  appears  as  a  part  of  in  the  expression  for  the  short-circuit, 
it  is  clear  that 

*PEM  ~  '^^PEM  (3-43) 

A  comparison  of  the  signal  generated  by  the  PEM  effect  to  the  photocofiduetive  effect  can  well  be 
made  here.  The  photocondnotive  curreot  density  Ip^,  can  be  expressed  in  the  form 


(■*b) 


'■’s'Vpc 


where  is  the  applied  .electric  field  along  the  crystal.  An  examination  of  the  dei>endence  on  the  time 

constant  reveais  for  the  simple  Intrinsic  case  (assuming  negligible  trapping  of  excess  carriers,  where 
=7^  =  Tp^  ""pEM  ’  ^  signal  is  propprtional  to  the  root  ofr,  whereas  ip^.  Is 

proportional  tor.  Thus  the  fast,  short -tlme-constanf' detector  provides  a  Larger  iilgnal  in  the  PEM, 

mode.  .Also,  the  magnitlc  field  increases  the  effective  reijlstince  of  bhe  detector.  Thus  for  the  low 

■"6 

resistivity,  short-time-constant  (t  <  10  sec)  detector  such  as  InSb,  these  two  factors  favor  the  PEM 
effect  in  improving  signal  output  and  the  ability  to  match  detector  impedance  to  a  preamplifier.  There 
are  other  factors  which  favor  the  PEM  detector.  The  PC  detector  is  thinner  than  the  PEM  detector 
and  therefore  is  generally  more  difficult  to  fabricate.  In  the  fabrication  of  detectors  care  has  to  be 
c.xcrcised  to  avoid  damaging  their  surfaces;  otherwise  an  increase  in  the  surface  recombination  vc- 
!ocitie.s  will  result.  Yet  in  mounting  the  detector,  the  back  surface  is  almost  always  made  to  adhere  to 
a  cell  mount.  Thus  trie  liai-.k  .surface  is  likely  to  have  an  mereasi-ri  recnrnhinafinn  velocity  compared 
to  the  front.  This  affect.s  the  PC  detector  adversely  in  that  the  effective  density  of  carriers  is  reduced, 
whereas  the  PEM  detector  benefits  because  the  diffusion  force  increases  as  the  concentration  gradient 
of  carrier  densities  from  front  to  back  ts  made  steeper. 
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A  complete  comparison  of  the  different  photodetectors  cannot  be  made  until  their  noise  properties 


all  the  necessary 


fsctn 


3.2.  NOISE 

There  are  essentially  five  sources  of  electric  noise  that  appear  in  the  output  of  semiconducting 
photodetectors.  They  are  called. 

1.  Johhson  Noise 

2.  Current,  1/f,  Modulati  ■  ,  or  Excess  Noise 

3.  Generation-Recombination(G-R)  Noise 

4.  Shot  Noise 

5.  Background  Radiation 

These  noise  types  are  treated  in  the  order  listed;  the  basic  mechanisms  contributing  to  the  noise 
sources  are  described,  and  generally  accepted  analytic  expressions  that  apply  to  them  are  given. 

1  >2.1,  JOHNSON  NOISE.  This  type  of  noise  is  often  referred  to  as  Nyquist  noise,  since  both 
Nyqulst  (Reference  3-19)  and  Johnson  (Reference  3-20)  treated  this  problem  in  1928.  An  ohmic  re- 
8i8t''nce  can  be  pictured  as  a  material  which  contains  a  number  of  free  charge  carriers  which  move 
about  In  a  crystalline  lattice  bumping  into  one  another  and  into  the  atoms  which  make  up  the  lattice. 
T.ne  motion  of  these  carriers  is  random  in  nature;  the  average  kinetic  energy  Is  a  function  of  temper¬ 
ature,  the  greater  the  temperature,  the  greater  their  average  kinetic  energy.  If  a  sufficiently  sensi¬ 
tive  ammeter  or  voltmetei  were  placed  across  a  resistor ,  it  would  indicate  fluctuating  voltages  or 
currents  corresponding  to  the  motion  of  the  charge  carriers.  These  fluctuations  represent  a  noise 
who.sp  behavior  is  evolved  purely  from  thermodynamic  considera.'ions  and  not  from  the  nature  of 
chaigf  carriers. 

Johnson  or  Nyquist  noige  can  be  expressed  as 

v‘  =  4kTrAf  (3-45) 

where  k  is  Boltzmann's  constant,  T  is  the  absolute  temperature  Af  is  the  electrical  bandwidth,  r  is  the 
ohnuc  resistance,  and  v  is  the  voltage  iTuctuation  given  by  the  difference  between  the  instantaneous 
iirjd  3ver<4ge  values  of  tho  voltsigp,  whprp 

V  =  v(t)  -  V  (3-46) 
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3.2.2.  CURRENT,  1  'f,  MODUL.A.'nON,  OR  EXCESS  NOISE.  AH  ol  the  above  terms  have  been  used 
ut  .  arious  time.s  as  iiame.e  for  the  same  hind  of  noise.  It  is  a  noise  that  appears  cpmmoniy  in  photo - 
d.pte'j'.  'rs  !.n  addition  to  t.he  johnson  noise  already  discussed,  and  is  generally  fomui  to  liave  oharaeter- 
isticb  that  can  be  describ<!d  by  the  expression  (Reference  3-21) 


Af 

where  I^  ^  is  the  total  current  through  the  sample 
f  is  the  frequency 
C  is  a  constant 


Actually  Equation  3-47  is  not  universal  in  that  cases  have  been  cited  where  the  current  exponent 
has  been  found  as  small  as  1.25  and  as  large  as  4  (Reference  3-22),  while  the  frequency  exponent  has 
ranged  fi  om  1  to  3  (Reference  3-23).  However,  these  extreme  exponential  variations  are  not  partlcu- 
larlyi'common,  and  can  usually  be  associated  with  a  particular  material,  or  to  some  unique  treatment 
and  physical  condition  of  a  material  (Reference  3-22). 


r  V 

The  physical  mechanism  of  this  noise  is  the  least  understood  of  all  the  noise  types  found  to  date. 
Petrij'a  (Reference  3-24)  introduced  the  name  "modulation”  noise  to  identify  the  mechanism  as  some¬ 
thing (quite  different  from  the  carrier-density  fluctuations  described  in  the  G-R process  (see  Section 
3.2.3)|.  An  effect  is  assumed  that  causes  the  occurrence  of  a  magnitude  of  conductivity  ihodulatlon  far 
larger  than  that  obtained  from  simple  carrier  density  fluctuations.  This  effect  might  welK^  related, 

^  liowever,  to  the  electronic  transitions  Involved  in  the  G-R  process.  A  simple  mechanism  that  has  been 
proposed  involv()s  tlie  falling  of  electrons  (  while  they  are  undergoing  th$  transitions  involved  in  the  G- 
R  process)  into  electrical  lattice  pits  or  wells  called  "traps"  where  they  are  temporarily  Immobilized. 
While  the  electrons  are  in  this  trapped  condition,  the  local  electronic  structure  of  the  crystal  lattice  is 
changed.  This  may  well  result  from  some  shuffling  about  of  lattice  particles  to  some  new  equilibrium 
mnditlons  ?jid  a  resulting  new  electric  field  pattern.  The  net  effect  is  presumed  to  a  marked  change 
in  the  mobility  of  the  carriers  through  the  localized  lattice,  and/ or  a  change  in  recombination  velocity, 
and  therefore  conductivity  modulation.  Tue  electronic  traps  are  represented  in  tl.ie  band  picture  as  energy 
levels  located  in  the  forbidden  energy  gap.  They  are  usually  due  to  impurities  in  the  crystal  lattice 
and  to  crystalline  imperfections  from  edge  dislocations  and  plastic  deformation.  Thus  a  conduction- 
band  tlcctr-on  or  valeii,.tr-b-,iiiu  iiuie  iiiu\ii:g  in  ihe  vicinity  oi  an  electron  or  nole  trap,  respectively,  is 
suddenly  caught  and  immobilized  in  a  bound  state.  Escape  is  then  possible  by  absorption  of  phonon 
energy.  The  probability  of  escape  increases  with  increasing  temperature,  but  decreases  with  the  depth 
of  tile  trap. 
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The  iiiOciaUlujii  suggestion  uuered  by  Petritz,  however,  can  stiU  he  only  a  part  of  she  pirtme.  , 
Hrophy  and  Rostocker  (Reference  3-25),  Brophy  (Reference  3-28),  and  Bess  (KefeiciiCv  3-2”)  found 
with  direct  experimental  evidence  that  the  noise  fluctuations  in  Hall  voltage  followed  the  same  fre  ¬ 
quency  dependence  pattern  as  Oie  noise  from  a  conductivity  measurement.  It  must  be  concluded  there¬ 
fore  that,  like  conductivity,  1/f  noise  follows  the  fluctuation  inthedensity  of  the  majority  current 
carriers. 

The  location  of  a  major  source  of  !/f  noise  (at  least  in  the  case  of  germanium  filaments)  has  been 
found  to  te  the  surface  of  the  crystal.  Recent  studies  by  MacRae  and  Levinstein  (Reference  28). 
noted  that"a  surface  inversion  layer  (a  p-type  surface  on  an  n-type  crystal,  or  vice  versa)  is  sufficient 
to  generate  5igni|},c:ant  1/f  noise.  A  qualitative  picture  of  what  is  happening  involves  assuming  a  set  of 
two  surface  stat^,  one  fast  and  the  other  slow.  The  slow  states  are  associated  with  the  majority  car¬ 
rier  traps  discussed  above,  and  located  in  the  outermost  surface  layer  of  the  filament.  The  fast  states 
are  assumed  to  exist  in  the  interface  region  between  the  surface  and  bulk  materials  and  are  primarily 
responsible  for  the  recombination  velocity  of  the  carriers  at  the  surface.  Corresponding  to  the  fluc¬ 
tuating  density  of  majority  carriers,  there  is  a  fluctuating  population  of  slow  traps  which  causes  the 
enhanced  conductivity  modulation  in  the  bulk. 

Although  the  surface  provides  1/f  noise,  it  is  quite  clear  that  this  kind  of  noise  can  also  be  gen- 
erated  in  the  bulk  material.  Brophy  (Reference  3-2y,vfinds  that,  by  plastic  deformation,  he  can  create 
noise  sources  and  cause  an  increase  of  excess  noise  by  orders  of  magnitude.  These  sources  are  unl- 

4 

formly  distributed  throughout  the  crystal,  and  also  contribute  an  unusual  1  dependence.  Bess  (Ref¬ 
erence  3-30)  assumed  that  the  noise  was  due  to  edge  dislocations  with  impurities  diffusing  along  the 
edges  of  the  dislocations.  Such  distributions  throughout  the  bulk  can  provide  noise  spectra  similar 
to  that  obtained  by  inversion  surface  layers  (Reference  3-31).  ' 

When  surfaces  are  treated  so  that  their  noise  contributlorrXs'mlnimized,  residual  (1/f)  noise  may 
stiii  exist.  This  noise  has  been  associated  with  nonohmic  contact  regions,  probably  due  to  minority- 
carrier  drift  across  the  contacts.  It  appears  that  the  fluctuating  population  of  traps  causes  the  capture 
cros.s  section  of  the  surface  recombination  centers  to  be  modulated,  in  tur.n  causing  a  fluctuating  cur- 
re.nt  of  minority  carriers,  res-ulting  in  curreiil  muduUuun. 

The  discussion  of  1  f  noise  has  shown  that  the  sources  of  this  noise  can  be  found  at  the  surface, 
in  the  hulk,  and  at  the  contacts.  A  suitable  theory  has  yet  to  be  found  which  will  provide  a  quantitative 
rxnrpssion  for  the  carrier -density  fluctuation  and  -..'le  modulaiion  eft  t. 


31 


iRSfituti?  of  Science 


The  U  n  I V 


crsity  of  Michigan 


3.2.3.  GENERA  nON-RECOMBIN*ATION  (G-R)  NOISE.  This  type  of  noise  is  inherent  in  the  _Mec 

li'JiiiW  bySiein  Ui  inj>  invtte'riHt?*.  The  I!ie»- hitinsui  l  fill  it  he  iie.*M_iiilieiil 

essilv  ifi  terms  of  the  h^ncl  oicturs  of  solids. 

All  alums  ill  a  lattice  vibrate  in  a  well-organized  manner  to  the  extent  tliat  their  vibrations  are 
quantized  and  can  be  described  in  particle  terminology  as  "phonons".  The  energy  of  the  phonon  is 
given  by 

E  ='fi(e 

where  •ft  -  h  '2jr 

h  is  Planck's  constant 

Valance-bana  electrons  are  continually  jostled  by  the  vibrations  of  the  lattice  atoms.  Every  so 
often,  the  nature  and  phasing  of  vibrations  between  atoms  is  such  that  an  electron  in  their  midst  is 
able  to  gain  enough  energy  to  be  freed  from  its  bound  (valance -band)  state,  and  to  move  about  in  the 
conduction  band.  The  electron  is  said  to  have  suffered  phonon  collision,  and  to  have  undergone  an 
energy  change  according  to; 

E(k')  -  E(k)  =-«u> 

where  k  and  k'  define  the  energy  states  before  and  after  phonon  absorption. 

When  electrons  leave  the  valence  band  for  the  conduction  band,  chai*g:e  carriers  (electrons  and 
holes)  become  available  for  the  purposes  of  current  flow.  The  number  of  carrieits  created  Increases 
with  material  temperature,  and  for  any  one  temperature  will  be  greater  for  diminishing  energy  gap. 
The  thermal  (phonon)  excitation  process  is  statistical  In  nature,  and  the  rate  at  which  electrons  are 
excited  to  the  conduction  band  fluctuates. 

In  addition  tcil  the  statistical  pulses  of  generation,  a  similar  situation  holds  for  the  recombination 
ot  carriers.  Thellelecti'ons  and  holes  wander  about  the  crystal  lattice  with  some  thermal  motion,  and 
during  a  "lifetime"  characteristic  of  the  semiconductor,  ^et  close  enough  together  to  recombine  di¬ 
rectly,  or  indirectly  through  a  recombination  center.  The  lifetime  is  aiBiatislically  fluctuating  quan¬ 
tity,  as  is  the  instantaneous  number  of  electrons  and  holes.  Current-carrier  fluctuations  arc  there¬ 
for  inherent  in  any  semiconductor.  These  fluctuations  give  rise  to  G-R  noise.  When  a  sample  is 
placed  in  a  constant-current  electric  circuit  one  may  observe  conductivity  fluctuations  causing  electric 
niuse  cnmn'etel'y  .•iescrilvd  by  the  G-R  process. 

Since  this  noise  is  a  bulk  property  of  the  crystal  and  is  due  to  conductivity  fluctuations  caused  by 

earrn  r-dcnsity  changes,  it  follows  that  ffrom  Equation  3-2) 

dr  .  pf  An  p(  AN 

Ar  -  An  ^  5- - ”  -  ,  •  “rr 

dj!  d.w  n  dw  N 
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and 


2 

V 


9 

=  I" 
u-C 


■  {Ar)‘ 


(3-48) 


It  can  be  shown  that  (References  3-1  and  ?-21) 


N'' 


2t 

,  .2" 


Af 


Therefore 


or 

_ 

^  2  ^  2  2t 

«  *  n[i  ■r(c.'T)2] 

as  shown  by  Van  Vllet  (Reference  3-32). 


(3-50) 


3.2.4:  SHOT  NOISE.  This  noise  is  usually  associated  with  vacuum  tubes;  it  is  described  as  the 
electric  noise  that  appears  in  the  output  of  a  vacuum  tube  when  the  grid,  U  any,  is  held  at  a  fixed 
potential.  It  is  more  carefully  described  in  what  is  usually  called  the  temperature-limited  condition. 

•  Temperature  limited"  means  that  the  anode  voltage  on  the  tube  is  suiflclent  to  collect  all  of  the  elec¬ 
trons  emitted  from  t.he  cathode.  Consider  a  temperature-limited  diode  connected  to  a  resistance  r. 
Because  of  the  discreteness  of  the  electronic  charge,  the  number  of  electrons  emitted  at  equal  time 
intervals  will  fluctuate  around  an  averat-e  value.  The  fluct'jating  current  causes  a  fluctuating  voltage 
across  r  which  can  be  amplified  and  measured.  The  .mean-square  current  fluctuation  turns  out  to  be 
constant  up  to  frequencies  of  the  order  of  the  reciprocal  of  the  transient  time,  and  can  te  described  by 
(Reference  3-33)  _ 

=  2el^  Af  (3-51) 

U'C 

where  e  is  the  electronic  charge  and  ^  is  the  average  current.  Semiconductor  photovoltaic  detectors 
also  exhibit  shot-type  noise.  In  the  case  of  the  vacuum  tube,  the  electrons  are  taken  as  independent  in 
liie  temperature-limited  case,  and  it  follows  that  the  current  throauh  the  rccisrance  will  cc.nsist  of  a 
senes  01  short  pulses,  each  pulse  corresponding  to  the  passage  of  an  electron  from  cathode  to  anode. 

Tn  the  case  of  the  semiconductor,  a  similar  situation  prevails.  In  a  p-n  junction  diode,  a  space-charge 
.’-egiuii  is  developed  across  the  barrier  and  an  associated  eln  iric  field.  Electrons  or  holes  created 
!■-,  jiiio.ooi'.s  or  !>ackurnun(1  pholons.  and  diffusing  inlo  tf.c  barrii-r  region,  are  swept  from  the  n-iyiie 
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iiidterial  to  the  p-type  material,  or  vice  versa.  This  results  in  current  pulses  appearing  across  the 
diode  with  the  same  characteristics  that  are  observed  for  the  vacuum  tube. 

Petritz  (Reference  3-21)  iias  developed  a  theory  anpiicable  to  t.he  lead-t.halcogenide  (PbS,  PbSe, 
films,  which  is  suitable  for  discussion  here.  These  films  are  composed  of  a 
system  of  tiny  cr';/stallites  separated  by  intercrystalline  barriers.  Where  spaee-ciiarge  regions  e.xist. 
Tlie  barrier  regions  contribute  both  Johnson  and  shot  .loises,  while  the  crystallites  generate  the  usual 
Juiuison  noise.  For  barriers  wtiicli  are  thin  compared  to  carrier  diffusion  length,  the  barrier  noise 
contrib  ion  can  be  determined  by  using  the  expression  noted  by  Weisskopf  for  the  short-circuit  noise 
generator: 


.2 

1 


(3-52) 


The  total  noise  due  to  the  aggregate  of  crystallites  that  make  up  the  film  is  found  by  properly  summing 
the  contributions  from  each  of  thein.  PelriU  finds  that  the  shori-circuit  current  generator  provides  a 


noise  given  by 


(3-53) 


where  n^,  is  the  number  of  crystaiUtes  per  unit  length  of  the  detector,  r^  is  the  resistance  of  a  barrier, 
and  r  is  the  macroscopic  detector  resistance.  The  corresponding  voltage  expression  is 


2 


V 


261^^1 


=  4rkT  +  ■ 


ii-c 


(3-54) 


3.2.5.  BACKGROUND  RADIATION.  Background  radiation  can  be  thought  of  as  a  stream  of  photons 
originating  from  the  detector  environment.  The  ceil  walls  surrounding  the  detector,  its  window,  and 
the  media  viewed  by  the  detector  through  the  cell  window  all  contribute  to  this  radiation.  The  extent 
of  the  individual  contributions  is  determined  by  their  respective  temperatures,  emissivities,  and  geom¬ 
etry. 

Photons  originating  from  the  bacaground  and  impinging  on  the  detector  arrive  in  a  statistically 
fluctiiarinu;  mnnner  Tn  -iddp.io.e,  '.he  detector  radiates  in  a  manner  depende-nt  on  its  fempc-i  a.lui  t  and 
emissivity,  obeying  the  same  statistical  law  that  applies  to  the  background.  The  net  fluctuation  in 
radiant  energy  exchange  causes  a  corresponding  fluctuation  in  temperature  and  provides  the  mech¬ 
anism  for  till-  liniilmg  nnicc  prucess  in  thermal  detectors.  This  limiting  process  Is  called  tern 
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perature  noise.’  The  photodetector  is  insensitive  to  this  temperature  effect.  However,  the  radiation 
fhjc.uat'on  causes  charge  carriers  to  be  liberated  in  varying  amounts,  causing  corresponding  change.s 
in  the  photoelectric  effect  utilized.  When  the  cause  of  the  electric  noise  observed  in  a  photodetector 
is  due  to  this  radiation,  the  detector  is  said  to  be  "background.-radiation-noise  limited.” 

Photons  obey  Bose-Einstein  statistics  (Reference  3-34),  and  their  fluctuation  can  be  described  by 

— a  r  r  , .  -  '1  .  'I 

An*  =  n|l  r  ie-xp^ll^  j  ^-3-55) 

This  expression  reduces  to  the  classical  case 

(An)^  =  n  (3-56) 

for  values  of 

exp  hv/kT  >  >  1 

Substituting  u  -  c  'A,  and  considering  a  room-temperature  condition  (=  300°  K),  reveals  that  the  ex¬ 
ponential  beco.mes  sufficiently  large  for  photons  of  wavelength  less  t.han  10  microns  so  that  classical 
statistics  can  be  applied.  Fellgett  (Reference  3-35)  shows  the  relationship  between  the  number  of 
p.hofons  and.their  fluctuation;  his  result  is  shown  in  Figure  3-6. 

Contribution  to  G-R  Noise.  In  the  derivation  of  the  expression  of  G-R  noise,  it  was  assumed  that 
the  thermal  generation  of  carriers  followed  the  same  statistical  process  as  carrier  generation  from 
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the  ahsorution  of  background  photons.  Therefoit-  ihc  t-xpiessionii  inEquanons  5-49  and  3  -50  ai  c  appli¬ 
cable  here.  The  only  difference  is  in  the  calculation  of  -  that  is,  the  contribution  to  N  by  the  radia- 
i lit,’  j.'Xpi'L’ijjjKjji  LiCjvcS  Lv>  uc'n’.c  EquatiOtt  c  '»«/  iii  given  oy  iiieiereiices  <5  —  /-  anci 

6-21)  as 

- 2  J  +  ij,J  ) 

AN  = - ^-^2 - ^ 

i  +  (u,t) 

where  Ik  the  lattice  phonon  flux 

is  the  background  radiation  photon  flux  incident  on  the  detector 
7}^,  are  the  efficiency  factors  for  conversion  of  photons  and  phonons  to  carriers. 

^  The  number  of  carriers  created  by  the  absorption  of  photons  is  of  the  form 

N  oc  At)  J  T 
r  r  r 


Vr  '  i  /  xp  dv 


where  ri{v)  Is  the  responsive  quantum  efficiency  at  frequency  v,  c  is  the  velocity  of  light;  ri^{v,  T^), 

2 

the  density  of  photons  in  the  background  =  -« - - . 

c  [exp  (hv/kT)  -  l]  ' 

Similar  expressions  hold  tor  lattice  processes.  It  is  clear  then  that  reducing  the  temperature  of 
the  background  or  of  the  detector  causes  a  reduction  in  N  and  the  carrier  fluctuation.  When  ts 
greater  than  the  number  contributed  by  phonon  processes,  the  detector  is  G-R- background  noise  limited. 


3.3.  SPEED  OF  RESPO.NSE 

The  speed  of  response  of  a  photodstector  depends  upon  the  mechanism  by  which  charge  carriers 
recombine  after  their  generation  by  the  absorption  of  radiation.  Various  recombination  mec.hanisms 
are  possible  and  are  described  by  Smith  (Reference  3-4)  and  Bube  (Reference  3-36).  Generally  these 
mechanisms  fall  into  two  categories;  (1!  Radiative  recombination,  or  recombination  of  electrons  and 

hnloc  ht'  frtanKitinns  nf  ol*ar»t r-r*nc  from  tho  onnHimtinn  VvQnH  Hirorfltr  tn  tho  tralprine  hanri*  (9^  rpmmhina- 

tiup  vi  c'k’ctrons  and  htilcs  through  recombination  centers.  '  The  decay  rate  depends  upon  the  type 
of  nT’chanisir,.  ihe  t  on  cent  ration  of  carriers  generated  by  the  signal,  the  concentration  of  recombina- 
liun  Cfiiura,  a.nd  often  the  existence  of  eiectron  and  hole  traps  whereby  the  carriers  are  ienipoi  arily 
ininiMinii/rd  and  unabie  to  oarticipate  in  the  kinetics  ot  recombination. 


36 


Tn  simple  processes  such  as  (1)  above,  the  photosignal  decay  after  the  removal  of  signal  radia¬ 
tion  follows  a  simple  exponential  decay  law,  For  more  complicated  mechanisms,  the  decay  might  be 
described  by  a  sum  of  exponential  terms,  or  possibly  a  power  taw.  Frequency-response  measure¬ 
ments  luiiuw  a  similar  patiern  of  complexity. 


3.3.1.  PlitLSE  RESPONSE.  When  the  photon-generated  carriers  in  the  semiconductor  decay  in 
an  exponential  manner,  the  nhotoresponee  to  a  pulse  of  light  can  be  described  as  follov.s. 

During  the  time  of  exposure  to  the  light  pulse,  the  detector  signal  will  increase  according  lO 

V  =  Vjj  [l  -  exp  (-  t/T)]  '  (3-60) 

where  is  the  maximum  value  of  the  signal  obtained  for  a  light  pulse  sufficiently  long  so  that  exp 
(-t/T)  <  <  1.  For  a  pulse  of  short  time  duration,  tjj,  the  rise  of  the  signal  will  follow  Equation  3-60 
to  a  maximum  value  of 

''j^=  -  exp  (••tQ/T)j  (3-61) 


The  deca<-  that  follqws  the  end  of  the  light  pulse  Is  given  by 


The  signal  rise  ana  fall  are  shown  in  Figure  3  -7.  Notice  the  asymmetry  In  the  rlsf  and  decay  parts 
of  the  trace.  The  rise  is  shorter  in  time  than  the  decay,  and  the  initial  slopes  of  rise  and  decay  are 


FIGt-RK  3-7.  PFRKiOIC  PIJI.-SE  PHOTOEXCIT.^.- 
TIOS  .aNT)  DPTECTOK  RESPONSE 
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Significantly  different  in  their  absolute  magnitude.  To  illustrate  the  latter,  differentiate  Equations 
j-GvO  u.nd  3-S3  and  examine  their  slopes  at  time  t  =  0,  and  t^,  respectively. 

V  r 

dv  i  n  r  /  t \  i  Q 

dri,_  _■  (3-64, 


dv  I  'o  r.  /  V\  1 1  ■  , 

dt  I  =  -  T  I*  ■  il  (3-65) 

't  =  to  L  ■  -'1  =  10 

It  is  clear  that  the  decay  and  rise  curves  cannot  look  alike  unless  the  iiglit  pulse  t^  >  >  t.  The  time 
constant  t  can  be  obtained  from  a  semilogarithmic  plot  of  Equation  3  -63  (the  decay  curve) ,  whereas  it 
cannot  be  obtained  readily  from  Equation  3-60. 

3.3.2.  FREQUENCY  RESPONSE.  When  the  detector  response  is  observed  for  excitation  by 
sinusoidally  modulated  radiation,  rather  than  pulses  of  light,  the  response  is  frequency  dependent 
and  behaves  as 


v(o)  =  - 

[l  +  (u>T)^] 


where  ui  =  2irf,  f  is  the  frequency  of  the  exciting  signal,  and  t  is  the  time  constant  for  the  decay 
mechanism.  Fortunately  many  of  the  detectors  in  present  usage  follow  the  exponential  law  of  decay, 
and  an  effective  time  constant  is  easily  reported.  The  measurement  techniques  used  to  determine 
the  time  constant  are  described  in  Appendix  A,  From  a  responsivity  vs.  frequency  plot,  r  can  be 
calculated  easily  from  the  selection  of  w  when  the  response  is  down  by  l/>/2,  for  then 


when  jT  =  1  or  T  -  (?  jrt) 


Another  approach  is  to  measure  the  response  at  two  different  chopping  frequencies,  and  take 
the  ratio  of  the  two  .signals  as  follows-r- 
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for  the  time  constant.  iFrom  this  relationship  and  assuming  that  small  signal  changes  (about  10^?-,) 
can  be  recorded,  a  chopping  frecmency  of  about  100  kcps  permits  a  determtnation  of  time  constant  to 
about  1  psec. 


3.3.3.  MULTIPLE  TIME  CONSTANTS.  When  the  speed  of  response  does  not  depend  on  frequency 
in  a  manner  described  by  Equation  3-66,  there  does  not  appear  to  be  any  clear  definition  of  the  time 
constant.  This  situation  prevails  particularly  when  multiple  electronic  transitions  of  a  carrier  are 
involved  so  that  two  or  more  time  constants  exist.  The  decay  may  follow  two  or  more  successive 
exponential  processes,  or  possibly  combinations  of  power  and  exponential  laws.  The  frequency- 
response  characteristic  curves  will  then  show  two  or  more  peaks  (or  plateaus),  while  the  decay  fol¬ 
lowing  a  pulse  of  light  will  e.xhibit  sections  which  will  follow  different  decay  laws.  The  time  constant 
has  been  defined  in  different  ways.  Generally,  the  definition  is  tliat  t  =  l/2itf,  where  f  is  the  fre¬ 
quency  at  which  the  respoiisivity  is  O.Tp7,  times  the  zero-frequeucy  responsivity,  or  aK  which  the 
high-  and  low-frequency  asymptotes  intersect,  or  at  which  the  slope  of  the  responsivity  vs.  frequency 
curve  is  -6  db  per  octave,  or  sometimes  at  which  the  phase  fag  is  45°  (Reference  3-37).  All  of  these 
definitions  are  equal  when  the  photosignal  decay  follows  a  simple  exponential  decay  law  or  the  pro¬ 
cess  is  described  in  terms  of  the  frequency  response  by  an  equation  in  the  form  of  Equation  3-66. 

The  time  constant  can  be  estimated  by  noting  the  time  required  for  the  detector  response  to  decay 
67%  or  90%  from  its  ma^.imum  value  (it  is  understood  that  tlie  pulse  of  radiation  is  sufficient  for  the 
phot  signal  to  reach  its  maximum  value). 

A  frequency-dependent  measurement  will  follow  an  expression  of  the  form 


Kj  sin  (uJTj  -  ()>j) 


1  '2 


Kj  sin  ■  0^) 


A  general  solution  permitting  an  evaluation  of  the  two  time  constants  is  possible,  but  its  a  complicated 
matter.  According  to  Levinstein  (Reference  3-38),  a  completely  general  snhjtirin  requires  solving 
fur  fiiur  unknowns:  K^,  K^.  Oj .  and  It  is  necessary  to  measure  response  at  four  different  fre- 
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quenciej  to  obtain  suificient  information  for  a  solution.  If  the  frequencies  are  chosen  properly,  then 
the  two  time  constants  are  given  by  an  equation  of  tht  form 


where  a,  b,  d,  e,  f,  and  h  are  obtained  from  lengthy  frequency-dependent  measurements.  The  ex¬ 
pression  is  complicated  but  does  offer  recourse  when  exact  analysis  from  frequency-response  dsta 
becomes  necessary. 

The  selection  of  a  universal  time  constant  for  this  complicated  case  is  necessary  but  is  not  iSely 
to  be  made  in  the  near  future.  Therefore,  the  rei^der  is  advised  to  understand  the  different  definitions 
noted  above. 


3.4.  SPECTRAL  RESPONSE 

A  discussion  of  the  fundamental  mechanisms  responsible  for  photodetector  response  is  presented 
in  Section  .3.1.  However,  a  summary  of  the  important  aspects  relating  to  spectral  response  Is  pre¬ 
sented  here  for  continuity.  Detailed  discussions  of  the  experimental  procedures  and  the  calculations 
required  to  determine  a  detector's  spectral  response  are  found  in  Appendix  A. 

The  spectral  response  of  a  photodetector  depends  upon  the  photon  energy  required  to  free  a  charge 
carrier.  If  the  photon  energy  is  sufficiently  Urge,  additional  charge  carriers  can  be  generated  In 
proportion  to  the  photon  flux. 

A  plot  of  responsivity  versus  wavelength  may  be  drawn  in  two  ways,  depending  upon  the  units 
used  in  the  evaluation  cf  responsivity.  It  may  ^be  expressed  as  the  amount  of  signal  voltage  obtained 
per  unit  of  incident  photon  flux  at  a  given  wavelength,  or  as  the  amount  of  signal  voltage  obtained  per  ' 
wilt  of  Incident  power  at  a  given  wavelength.  The  former  is  the  equivalent  of  a  plot  made  directly  with 
a  monochromator  capable  of  providing  detector  illuminatii.  n  with  a  cuiislajil  unit  flux  density  of  photons 
at  all  wavelengths,  while  the  latter  is  that  for  a  constant  nnit  of  power  exposure.  Since  a  photodetec- 
lor  responds  directly  to  the  number  of  photons  per  second  that  are  absorbed,  an  idealized  detector 
Wi'uld  provide  .1  spectral  responsivity  plot  like  Figure  3-8.  Usually,  however,  the  radiation  output 
ul  .noiiuehronuitors  is  measured  by  a  'bla;k  '  detector  such  as  a  thermocouple-.  Jhe  thermocouple  has 
a  constant  responsivitv  as  a  function  ol  wavelengtii  fat  least  in  the  wavelengths  ol  interest  here),  ana 

II 

IS  d  device  which  responds  to  the  radiation  power.  Thus  ],he  photodetector  \responsivity  is  usually 
measured  in  terms  of  powt-i-  rather  than  phoidn  flux  density,  and  the  resultant  ideal  plot  is  shown  in  ■ 
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Fisrure  3-9.  The  difference  in  the  ehapee  of  the  curves  in  Figures  3-8  and  3-9,  is  readily  explained 
on  examining  the  expression  for  a  photon's  energy  ' 

he  =  he  .T  (3-70) 

The  photons  of  shorter  wavelengths  have  higher  energies.-  Therefore,  fewer  photons  per  second  are 
required  to  maintain  a  constant  unit  of  power  with  decreasing  wavelength-  Since  a  photodetector  sig¬ 
nal  is  proportional  to  the  photon  flux,  the  detector  signal  falls  off  with  decreasing  wavelength. 

The  sharp  dropoff  poin.  at  the  position  indicated  as  determines  the  minimum  energy  a  photon 
must  have  to  free  a  cliarge  carrier.  If  the  energy  is  in  electron  volts  and  the  wavelength  in  microns, 
then  the  relationship  between  them  is 

X  ^  (3-71) 

m  Energy  (ev)  ' 

Impurity-type  photoconductors  such  as  gold-doped  germanium  are  designed  to  extend  the  spectral 
response  of  the  material  to  longer  wavelengths  than  possible  with  the  pure  material.  The  impurities 
introdutie  new  energy  levels  in  the  forbidden  gap  region  of  the  intrinsic  material,  and  therefore  permit 
lower  energy  carrier  transitions  corresponding  to  longer,  wavelength  response.  An  idealized  spectral 
response  curve  for  the  impurity  photodetector  is  shown  in  Figure  3-10.  The  short  wavelength  re¬ 
sponse  up  to  Xj^  is  associated  with  intrinsic  absorption  and  carrier  transitions  across  the  complete 
energy  gap;  Xj^  refers  to  the  extrinsic  wavelength  cutoff  point.  The  long  wavelength  response  be¬ 
tween  *2m  ^Im  fiftrlbuted  to  the  carrier  transitions  Involving  the  "impurity  levels";  X^^  refers 
lO  the  wavelength  at  which  impurity  photoresponse  ce,ases.  The  difference  in  the  response  magnitudes 
of  these  two  spectral  regions  corresponds  to  the  Iiigh  absorption  of  the  lattice  for  photons  in  the  in¬ 
trinsic  region,  as  compared  to  the  weak  absorption  by  low  density  Impurities'ln  the  extrinsic  region. 

In  order  to  improve  the  magnitude  nl  the  latter  region,  it  is  customary  to  house  the  detector  in  a  small 
integrating  chamber  with  a  hole  to  admit  the  signal  radiation.  This  causes  the  photons  to  make  multi¬ 
ple  passes  through  the -detector.  Improving  the  probability  of  their  absorption. 


FIGURE  3-8.  INTRI.NSiC  DETEC-  FIGURE  3-9.  INTRINSIC  DETEC-  FIGURE  3-10.  IMPURITY  DETEC- 

rem  RESPON.SE  TO  A  CONST.ANT  TOR  RESPONSE  TO  CONSTANT  TOR  RESPONSE  TO  A  CONSTANT 

DENSITY  OF  PHtlTONS,  AS  A  ENERGY  EXPOST  RF,  AS  A  FUNC-  DENSITY  OF  P'n'OTONS,  AS  .A  FUSNC 

f  I  NCTION  OF  wavelength  TION  OF  WAVELENGTH  TION  OF  WAVELENGTH 
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4 

ai^TECTOR  EVALUATION  from  THEOftITICAL  CONSIDERATIONS 
Sol  Nudolmon 

The  equations  for  signal  voltage  and  noise  ’’oltage  derived  in  Chapter  3  indicate  that  detector 
parameters  such  as  size,  time  constant,  and  bandwidth  of  operation  are  important  factors  in  eval¬ 
uating  a  detector's  capability.  Detectors  are  made  of  many  different  materials,  and  differ  in  size 
and  time  constants.  The  engineer  is  thus  faced  with  the  problem  of  selecting  the  best  one  for  his 
purpose.  On  the  basis  of  the  analysis  of  Section  3.1,  he  has  the  basic  ingredients  for  such  a  selec¬ 
tion.  However,  an  examination  of  the  signal  and  noise  equations  would  invo.ve  him  in  a  tedious  and 
nonprofitable  task  of  juggling  these  equations  to  fit  his  immediate  problem.  What  is  needed  is  a  ■■ 
simple  number  which  provides  a  detector  "rating"  independent,, of  the  bothersome  parameters,  from 
which  he  can  make  a  quick,  proper  detector  selection.  The  purpose  of  ttiis'chapter  is  to  describe 
and  discuss  the  substantial  effort  that  has  been  put  forth  ti»  provide  this  '’universal"  num’oer  for 
rating  detectors. 

The  treatment  that  follows  beglna  lylth  a  general  dlscustilcn  of  N£P,  K^Mse  Equivalent  Pow  jr. 

It  then  continues  with  detailed  analyses  of  the  photoconductive  detectors  in  their  various  noise- 
limited  conditions.  These  serve  as  examples  of  treatnr.ents  applicable  to  the  quantum  and  thermal 
classes  of  detectors.  Detector  classification  schemes  based  on  nEP  are  presented  t.hereafter. 

4.1.  NEP  (NOISE  EQUIVALENT  POWER) 

Consider  an  Infrared  detector  exposed  to  some  incident  radiation,  in  a  circuit  which  provides 
an  electric  signal  voltage  proportional  to  the  radiant  power.  Assume  also  that  the  dominant  electric 
noise  in  the  circuit  is  generated  by  the  detector  (not  the  preamplifier).  Let  the  radiant  power  P  be 
expressed  as  A,  where  H  Is  the  irradiance  and  A  Is  the  area  of  the  detector.  The  absorption  of 
power  P  by  the  detector  results  in  a  signal  voltage,  V^.,  in  the  circuit.  When  the  power  s,-urce  is 
removed  or  masked,  and  the  detector  allowed  to  see  only  the  background,  then  a  noise  voltage, 

IS  obtained.  The  predominant  mechanism  causing  this  noise  might  be  internal  to  the  detector,  such 
as  irom  Johnson,  shot,  and  or  lattice'goveruCd-G-K  noise  soux  ees.  In  the  ease  ol  the  ’nest  de¬ 
tectors.  this  noise  might  well  be  governed  by  the  fluctuations  in  photon  flux  irradiating  tne  detector, 
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thdt  is,  the  background-noise- limited  condition.  A  simple  proportionality  can  be  set  up,  relating 
these  voltage  readings  and  the  power  P. 

NEP/Vj^  =  H- VVg  (4-1) 

Thus,  If  Johnson  noise  is  responsible  for  then  NEP  represents  the  amount  of  power  that  would 
have  to  fall  onto  the  detector  to  generate  an  equivalent  voltage  V.,.  This  relationship  Is  more  usually 
observed  tn  the  form 

NEP  =  H-A/Vg/Vj^  (4-2) 


Clearly,  NEP  is  also  the  power  exposure  reouired  by  the  detector  to  obtain  a  signal- to-nolse  voltage 

i! 

ratio  of  unity. 

A  relatively  simple  analysis  can  be  attempted  for  the  purpose  of  providing  some  insight  Into 
the  problem.  Assume  a  simple  detector  in  a  circuit,  from  which  is  obtained  a  signal  voltage,  Vg, 
and  a  noise  voltage,  V^.  The  noise  voltage  Is  assumed  to  be  due  to  a  uniform  distribution  of  noise 
sources  throughout  the  bulk  of  the  detector.  Consider  two  of  these  detectors  connected  electrically 
in  series.  The  total  signal  voltage  is  simply  Vg^  t  Vggi  sines  the  signals  are  coherent;  and  the 
noise  voltages  add  as  their  mean  squares,  since  they  aie  Incoherent.  The  noise  voltage  of  each  unit 
Is  the  rms  value  of  the  voltage  fluctuation,  or  =  vV®  where  v  ■  v{t)  -Tt  v(t)  is  the  instantaneous 
value  of  the  noise  voltage,  and  v  is  the  average  value.  The  slgnal-to-nolse  ratio  from  the  combined 
units, Vg,jyVj^,j.,  is 


'ni 


(4-3) 


If  the  two  detectors  are  identical  in  area  and  thickness,  V„.  =  V..,,  and  equal  noise  is  generated 

OX  Om 

from  each  of  them,  then 


2V 


SI 


•/^  V. 


Nl 


SI 

Nl 


(4-4) 


Suppose  these  two  detectors  are  now  connected  electrically  in  parallel.  Since  currents  can  be 
added  in  a  straightforv/ar.d  manner  when  dealing  with  parallel  circuits,  consider  the  noise  sources 
as  current  generators.  The  total  noise  becomes  (similar  to  the  noise-voltage  analysis) 


2  2  2 
I  =  I  t  I 
T  K1  N2 


(4-5) 
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and  for  identical  detectors 


The  signal  current  is  now 


w  =  v2iNr 


*ST  ^Sl  ^  ^S2  ^  ^S1 

The  signal-to-nnisp  current  ratio  beconnes 

I  2  1  I 

ST  SI  *  SI  , 

The  noise  current  can  be  expressed  as  a  ndise  voltage  by  sinnply  multiplying  the  total  noise 
current  by  the  effective  resistance  of  the  circuit.  Therefore 

.  .. 

'•t%— TFj'T 

and  2  2 

V  2  2_  ^N1  *^1 

NT  NT  T  2 


Vn  =  v|-Ini^i 

The  signal  voltage  is  =  Vg2’  circuit  Is  now  equivalent  to  two  identical  batteries 

placed  in  parallel. 

V  It  V 

ST  ^  SI  Jl_ 

The  a.oalysis  ca.n  readily  be  extended  to  three  or  more  detector  unite.  li  is  immediatpiy  apparent 
from  the  treatiiieiii  with  two  units,  however,  that  witli  either  the  series  or  parallel  arrangement  the 
signal-to-noise  ratio  depends  on  the  square  root  of  the  total  detector  area.  This  then  indicates  that 
the  NET  of  a  detector  should  also  depend  on  the  square  root  of  the  area  by  insertion  in  Equation  4-2. 


4.1.1.  ANALYSIS  OF  NEP  FOR  THE  PHOTOCONibCCTIVE  DETECTOR.  A  detailed  analysis  of 
th»‘  dcpendtiice  o!  NEP  oi:  for  tht  various  noise- liniited  cases  can  be  developed  starting  with  the 

definition  of  NEP,  Equation  4-2, 
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The  ni-rinjirtiiro  folicv.cd  t<.  .'.uUsUiule  dppropriaie  expressions  lor  the  signal  and  noise  voltages 
in  this  equation  and  to  generate  an  equation  which  delineates  the  geometry,  time  constant,  and  baiid- 
v.’idth -dependence  of  NEP.  The  photoccnductive  detector  is  the  only  photodetector  type  treated  here, 
since  the  procedure  is  straightforward  and  can  be  applied  by  the  reader  to  any  other  types  of  de¬ 
tectors. 

The  factor  for  the  incident  power  will  be  H  ■  A,  where  H  is  the  irra.-iisn.-O;  and  the  Signal  voltage 
as  given  by  Equation  3-8.  Therefore 

NEP  = - ^ (4-12) 

jnsJgVndv/l  1  (cut)  J 

where  =  V/(r^,  .  r,J 


4.!.  1.1.  Johnson  Noise.  In  Section  3.2.1,  the  Johnson  noise  voltage  was  given  by 

v,=V7  =  J4kTrAf 
N 

Inserting  Equation  3-45  into  Equation  4-12  provides 


NEP  =  HA - l3kirA£ - (4.J3) 

pf/wd) •  hgJgV  ndvi  +  (cui) 


where  r  =  pf/wd  and  I .  =  iwd. 

d-c 

strength  and  a  =  2nep  (p  =  = 

by  first  rewriting  c  in  the  form 


In  the  last  ternt,  i  =  current  density  =  uE,  where  E  =  electric  field 
u^).  Using  Equation  3-J3  anS^J-lS,  Equation  4-13  can  be  siuipluied 


■v  =  2ne 


D 

n 

kT/e 


2  2  ^  ' 
2ne  n 

kT  ■  r 


(4-14) 


Siiiipli/yiiig  so  that  aii  tactors  other  than  area,  time  constant,  and  bandwidth  are  lumped  together 
provides 


NEP  =  K,'— —  •  /l  -  (u. 
1  T 


where 


eh  J  El 


H 
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Thus  the  relationship  between  NEP,  area,  time  constant,  and  bandwidth  is  clearly  spelled  out  for  the 
Johnson-noise-limited  ease  by 

NEP  QC  A-il/-  (4-15) 

Notice  tliat  the  Johnson  noise  exists  without  current  tiow,  while  the  photnoonrhicttve  signal  re¬ 
quires  a  bias  current.  Even  though  a  basic  difference  exists  between  processes  responsible  for  sig¬ 
nal  and  noise  generation,  a  •fk  dependence  results;  this  is  compatible  with  the  discussion  of  Section 
4.1. 

ii 

4. 1.1. 2.  Current,  1/f  Modulation,  or  Excess  Noise.  In  section  3.2.2,  this  noise  was  described  by 
the  equation 

V..,  =  I .  r  ^/cSf/wdf^ 

N  d-c 

Inserting  Equation  3  47  into  Equation  4-12  provides 

I ,  r 

NEP  =  HA^ - - ,  B-i  (4-16) 

I(j_gGBf/wd)|t;gJgT/ndyi  1- (un)  j 


NEP  =  Kj  sliMll  /l  V  (ooV r  (4- 17) 

where 

K  =(nv^77^Jo)H  (f-.lB) 

b  (.9  V/ 

In  this  instance,  both  the  signal  and  noise  are  associated  with  bias  currents.  However,  even 

though  a  complete  understanding  of  the  source  of  1/f  noise  is  not  yet  available,  it  is  clear  that;  for 

a  iiniform  generation  of  noise  throughout  the  bulk  anchor  surface  of  the  detector,  the  NEP  wil'i  de- 

-1'2 

pend  upon  the  square  root  of  the  detector  area.  In  addition,  NEP  will  vary  as  f  '  . 
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is  d'je  t"  the  bchjVijr  oi  the  ueiector  now  boing  coatrolied  by  the  same  prucesses  for  signal  and  noise. 
Both  the  quantities  and  are  linearly  dependent  on  t.  Their  ratio  is  independent  of  t  in  the 

sense  that  the  detector  will  respond  equally  well  in  time  to  background  photons  and  signal  photons. 

4. 1.1. 4.  Shbl  Noise.  In  Section  3.2.4,  the  shot-noise  contribution  to  photoconductive-film  noise 
w'as  given  by  Equation  3-54; 

V„,  =  r  \'2el.  M/'nJ 
N  d-c  '  I 

Substitute  Equation  3-54  into  Equation  4-12;  the  NEP  becomes 


NEP  =  HA 


r  v^elj  ^Af/nj,f 

‘  7~  ■  2 


Substitute  as  before  in  Equation  4-14  to  get 

^  v  crEwd  =  2neq*Ewd  (4-1 

where  m*  is  an  average  reduced  mobility  for  carriers  in  the  film,,  and  from  Equation  3-16;  q*  is 
given  by 


^  kT  ■  T 


to  obtain 


I  ndkt  H 
*^4  ",j  _ 

\eEiij,L  S  S 


4. 1.1. 5.  Summary  for  Pholoconductive  Detectors.  In  all  four  noise-limited  conditions  examined 
here,  NEP  is  clearly  dependent  on  the  square  root  of  the  product  of  the  bandwidth  and  the  area  of  the 
detector.  The  time  constant  and  frequency  dependencies  of  shot-  and  of  Johnson-noise-limited  de- 
tecior.-;  .arc  id.-intical.  Tb.s  -ii.juiu  be  expecied  since  noth  noise  spectra  are  essentially  fiat.  The 
factor  in  the  NEP  expression  denoting  this  identical  condition  is 
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The  case  of  1/f  .oise  provides  a  factor  given  by 

1  *  (arr)'-'  1 
f  ■  ■  T 

while  G-R  noise  leads  to  an  expression  independent  oj  the  frequency  and  time  constant.  Finally  the 
G-R  backtrcund-noise-liraited  NEP  does  not  contain  any  factors  associated  with  a  detector  mechan¬ 
ism  of  operation.  This  should  be  expected  since  a  detector  measuring  background  noise  is  limited 
by  that  external  noise,  and  thereby  loses  its  identity.  In  other  words,  any  number  of  different  de  ¬ 
tectors  operating  with  the  same  spectral  characteristics  could  not  be  distinguished  from  one  another 
In  terms  oi  NEP,  if  they  were  all  limited  by  background  noise.  K  the  detectors  are  G-R  phonon  noise 
limited,  then  in  Equation  4-22  must  be  replaced  by  J,.  In  that  event  charge  carriers  produced 
by  the  detector  lattice  dominate  as  the  noise  source,  and  the  noise  can  be  identified  by  the  temper¬ 
ature  dependence. 


4.1.2.  PHOTOVOLTAIC  AND  PEM  DETECTORS.  As  noted  above,  detailed  analysis  of  NEP  for 
the  photovoltaic  and  PEM  detectors  will  not  be  carried  out  here.  Prom  the  discussion  of  signal  gen¬ 
eration  in  Sections  3.1.2  itnd  3.1.3,  together  with  the  treatment  of  noise  in  3.3,  it  is  easy  to  follow  the 
same  procedure  used  in  4,1,1  to /obtain  the  NEP  pppi*Brt!e*  .of  these  tv.’c  dotcstcr si  '  KuW-ever,  some 
of  this  work  has  already  been  carried  out,  and  will  be  summarized  here.  - 

Pruett  and  Petritz  (Reference  4-2)  derive  the  signal-to-noise  ratio,  and  NEP  for  the  back-biased 
phoiovciltaic  detector.  This  detector  Is  limited  by  shot  noise  (Reference  4-3),  and  the  NEP  Is  given 

by 

NEP  =  KA  v^i^'ei/AJg  (4-28) 

where  the  noire  is  given  by 


”  2  2  2  2  t 

k,G  ,  •  k„(I  -  G  .V)  .  k,I  I 

1  sh  2  sh  3 


(4-29) 


The  signal-to-noise  raiio  is  maximized  by  operating  V  slightly  negative,  but  almost  zero.  This  per¬ 
mits  the  elimination  of  the  I/f  noise  term,  and 
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4.1.3.  CP-MPARISON  OF  OET£CTORS.  C.  Hilsuin  and  O.  Simpson  (Reference  4-4)  have  treated 
all  three  types  of  photodetectors  in  an  e.xtensive  manner,  examining  particularly  the  dcnenJi  rue  of 
the  NEP  for  the  Johnson-noise-limited  case.  Some  of  their  conclusions  are  as  follows; 

The  PEM  niodc  is  favored  for  a  atemiconductcr  with  high  carrier  mobility  and 
short  lifetime  (e.g.,  InSb),  while  the  PC  mode  is  favored  for  a  semi-conductor 
of  long  lifetime  and  low  density  of  carriers.  This  is  apparent  from  the  factor 

which  appears  explicitly  in  »ho  PSM  formula,  coaipareii  with  n./r  in 
1  n  p  i 

the  PC  formula.  Reducing  the  crystal  thickness  below  the  diffusion  length  of  the 
carriers  results  In  no  advantage  for  the  PEM  mode,  but  a  proportionate  ad¬ 
vantage  can  be  gained  in  the  PC  mode,  provided  that  the  surface  recombination 
velocity  is  sufficiently  low.  The  p-n  junction  is  preferred  for  semiconductors 
with  low  carrier  density  and  low  mcbillty;  the  depth  of  the  junction  below  the 
surface  is  not  critical  so  long  as  It  is  less  than  the  minority  carrier  diifusion 
length. 

For  values  of  /iB  small  compared  to  1.  it  is  clear  from  the  earlier  discussion  of  the  PEM  sig¬ 
nal  that  the  observation  of  high  carrier  mobility  favoring  a  PEM  detector  is  appropriate.  However, 
some  modification  appears  necessary  for  increasing  values  of  pB,  since  the  dependence  of  the  PEM 
signal  on  mouillty  changes.  Values  suggested  by  Kru.se  for  the  InSb  PEM  detectors  indicate  detector 
operation  is  in  a  region  where  the  PEM  signal  depends  upon  p*  for  *  less  than  1.5  (Reference  4-S). 
This  causes  NEP  to  depend  inversely  on  p  raised  to  a  power  less  than  1. 

In  principle,  it  appears  that  the  best  detector  obtainable  should  be  the  photovoltaic,  G-R  back-: 
ground-noise- limited  detector.  This  is  so  because  the  other  two  detectors  In  thl^  noise-Umlted 
condition  have  a  G-R  noise  that  depends  upon  fluctuations  induced  by  both  the  generation  and  recom¬ 
bination  processes.  However,  the  photovoltaic  detector  does  not  suffer  frc.T.  this  sUilsticai  fluctua¬ 
tion  on  recombination,  since  the  process  here  is  essentially  a  minority  carrier  moving  back  to  Its 
majority  carrier  status  or.  crossing  the  barrier.  Thus  the  background  nolee  fluctuation  observed 
for  this  detector  is  1/v?  lees.than  for  the  photocunductive  and  PEM  detectors. 


4.2.  detector  classification 

Detector  classification  schemes  generally  start  with  NEP  and  modify  It  in  some  way  to  obtain  a 
convenient  comparison  of  afiy  detector  with  the  best  possible  performance  that  the  detector  might 
offer.  Optimum  performance  is  usually  .judged  with  referes’.ce  to  the  limiting  backgroumt-rartiati-jn- 
noise  condition.  Detector  rating  is  then  expressed  in  terms  of  its  spectral  response  and/or  its  re¬ 
sponse  to  a  blackbody  at  some  reference  temperature,  compared  to  the  best  possible  values  obtain¬ 
able.  Tn  this  section,  the  dependence  of  NEP  on  A  and  T  is  discussed  first,  and  the  classifications 
suggested  by  various  contributors  to  improve  the  rating  method  follows. 
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4.2.1.  DEPENDENCE  OF  NEP  OK  WAVELENGTH  AND  BACKGROUND  TEMPERATURE.  Con¬ 
sider  thu  eApiest;c)ii  for  N'EP  in  she  backgrou.id-Umited  case,  given,  by  Sjuatinn  4-22; 

\'2t;l  vJ_  _ 

NEP  =  — -  ~  Hv  Ajif 

''s 


Assume  lor  simplicity  that  the  quantum  efficiencies  for  background  and  si^al  are  equal  to  unity. 


NEP  =  H  >/2AAf 
"S 


(4-31) 


The  irradlanc«  H  can  be  expressed  in  terms  of  the  number  of  photons  per  unit  (area*  time)  multiplied 
by  appropriate  photon  energies  and  summed  up.  However,  of  particular  Interest  here  Is  the  detector 
which  is  illuminated  by  a  monochromatic  beam  of  p.hotons.  The  wavelength  of  the  beam  is  the  same 
as  the  cutoff  wavelength  of  the  detector.  Suppose  then  ^hat  J„  is  restricted  to  a  wavelength  X  so 
that  the  signal  photon  flux  may  be  specified  J^,  then  H  is  given  by 


(4-32r 


Therefore 

c  c 


(4-33) 


as  a  fuiiuiioii  of  cutoff  wavelength  can  be  obtained  by 


substituting  different  values  of  and  cr/rresponding  photon  flux  densities  for  the  black  back¬ 
ground  at  temperature  T.  J„  Is  the  flux  of  all  photons  with  wavelengths  between  =  0  and  X  ^  \  . 

B  c 

Gciinas  and  Ccr.oud  (Reference  4-6)  obtained  Table  4-1  by  following  this  procedure  for  a  300°K  back¬ 
ground,  a  detector  of  unit  area,  and  a  1-cps  bandwidth  of  operation. 


A  standard  of  reference  tii  calibrating  a  detector  is  its  detectioK  ability  in  responding  to  a  5009K 
tUackbody  source  against  a  room  temperature  background.  Therefore,  it  would  be  useful  to  know  the 
ininiinum  amount  of  500®K  radiant  power  necessary  to  equal  background  fluctuations.  This  can  be 
determined  by  rewriting  the  expression  for  NEP  in  the  form 


NEP 


J  .A/  .  2J 
S  B 


(4-34) 
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1  AHi.K  4-1.  MINIMUM  DETECTABLE  POWER  POK  IDEAL  QUANTUM  I^ETECTOR* 


‘'9 


Cutoff  Wavelength 


Photons/ Sec 

On  1-Cn)2  Area 


B  miji, 

A. 

c 

(watts) 


1.0 

6.6 

1 

o 

i2- 

2.0 

4.2  X  10*° 

2.0  X  10'*^ 

3.0 

5.8  X  10*^ 

5.0  X  10'*® 

4.0 

1.9  X  10*^ 

2.2  X  10'*^ 

5.0 

1.3  X  10*® 

4.5  X  10’*^ 

3.0 

4.9  X  10**^ 

7.3  X  10“*^ 

S.O 

2.2  X  10*’ 

1.2  X  lO"** 

10.0, 

5.0  X  r*’ 

1.4  X  10'** 

CO  5 

4.15  X  10*® 

3.9  X  lO'** 

•  2i 

*  Area  =  1  cm  ;  background  =  3000K,  solid  angle  «  U. 

t  The  expression  for  min  *?*‘®*^®  values  of  N  ,  This 

number  is  included  only  to  show  the  rapid  variation  of  between  1  and  2 

§  Ideal  thermal  detector. 


for  unit  iiandwidth  and  efficiency.  Therefore 

NEP  =  V5a  H  Vj^jg 


However  * 


A 

N=r 


J.lVdA 


Js  =  j  -^x  dx 
^  0  ^ 


(4- 
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for  fietectors 


■■vhose  cutoff  waveienrth  is 


»  . 
c 


Therefore 


NKP  =  v'2A  •  H 


N-^0 


J,(Vdx 


J  J^{500")dA 
0  ^ 


(4-36) 


where  (T)  is  the  background  photon  density  as  a  function  of  body  temperature.  Figure  4-1  shows 
the  dependence  of  NEP  for  a  500°K  source,  for  backgrouiid  temperatures  ranging  from  200°K  to  500°K, 


CUTOFF  WAVELENGTH  (microns) 


Fir.rrRE  4-1.  NET  A3  A  FUKC  j  tUN  OF  WAVE¬ 
LENGTH  FOR  DIFFERENT  BACKGROUND  TEM- 
PERATLTIES 
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ind  foi  detectors  of  uilferent  cutoff  ’Aavelengtiis  A  .  This  figure  is  taken  from  a  report  by  GeUnas  and 
Genoud  (Rpfprenre  4-6),  who  also  note  the  follctving: 

For  a  300°K  background  there  is  a  wide  range  of  A  ^  for  which  PBminbOOo  remains 
almost  constant.  In  other  words,  for  an  ideal  quantum  detector  looking  at  a  500“.! 
blackbody  against  a  SOOOK  background.  It  makes  essentially  no  difference  what 
cut-off  wavelength  is  chosen  (beyond  1  /i):  the  increased  response  to  background 
by  raising  A  c  is  almost  exactly  comnenoated  by  the  increased  signal.  For  black- 
body  radiation  it  can  be  shown  in  general  that  Pbujiu  is  insensitive  to  A  c  for 
a  target  temperature  approximately  twice  the  background  temperature. 

For  background  temperature  less  than  SOO^'K  (and  a  500°K  source)  it  is  advan¬ 
tageous  to  use  as  short  a  cut-off  wavelength  as  poseilble,  while  the  opposite  con¬ 
clusion  holds  for  background  temperatures  higher  than  SOO^’K. 

4.2.2.  JOK£.S  SYSTEM  OF  CLASSIFICATlOtN.  Jones  has  contributed  a  substsuitlal  effort  to  the 
understanding  and  categorizing  of  infrared  detectors  (References  4-7  ar.d  4-8).  He  suggested  that 
the  reciprocal  of  NEP,  denoted  as  "detectivity,  D"  was  a  more  suitable  quantity  for  rating  detecicr*. 
The  advantage  of  O  is  a  psychological  one,  In  that  larger  detectivities,  rather  than  smaher  NEP's, 
represent  better  detectors.  Jones  considers  "detectivity"  particularly  desirable  because  it  also 
avoids  usage  of  the  word  "sensitivity,"  which  has  a  variety  of  meanings  in  technical  language. 

Jones  observed  that  data  taken  from  thermal  and  photodetectors,  could  be  distinguished  or  class¬ 
ified  by  the  way  in  which  their  detectivity' is  related  to  time  constant  and  frequency  response.  He 
noted  that  their  behavior  in  one  case  is  like  the  detectivity  obtained  for  an  ideal  thermal  detector, 
while  in  another  case  it  behaves  tike  an  est|ijnated  best-obtainable  thermal  detector.  Accordingly, 
two  classes  of  detectors  were  set  up,  the  fiirst  based  on  the  detectivity  obtained  for  the  Ideal  detector 
(capable  of  seeing  background  thermal  or  photon  noise),  while  liie  second  was  based  on  the  best  ob¬ 
tainable  heat  detector  from  Havens'  limit. 

i 

In  establishing  this  system  of  classification,  a  reference  condition  of  detector  measurement  is 
designated.  It  defines  a  reference!  or  detective  time  cunstant  and  a  hanriwlrtth  accoi'ding  to 


(4-37) 


X 

-  |^[p,(f)/D,(f^)]^dl- 


(4-38) 
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In  Section  4.1.1,  analytical  expressions  were  derivptl  for  N'FP  in  the  carious  nJiso-liiinied  con¬ 
ditions.  They  ."an  nau’  hp  compared  with  Jnncs '  system  of  OiaaSuicaiio.n.  In  tne  anaiysib  thai  follows, 
various  consta.nts  IK,,  K.,,  K„,  K.)  appear;  also,  k;  is  equa!  to  1/K,,  etc..  These  constants  are  not 
set  equal  to  Jones  constants  and  K,,  since  the  purpose  here  is  to  show  only  how  the  NEP  relation¬ 
ships  from  Section  4.1.1  led  to  Jones'  system  of  classification. 

A  problem  arises  for  the  G-R  noise-limited  catje.  Equation  4-22  shows  that  the  NEP  fcT  this 
noise  is  independent  of  frequency.  Therefore,  the  detective  bandwidth  by  Equation  4-38  must  be  in¬ 
finite,  and  the  detective  time  constant  must  equal  zero.  To  avoid  this  dilemma  and  because  the  pur¬ 
pose  here  is  only  to  derive  expressions  for  detectivities  from  NEP's  In  forms  suitable  for  compari¬ 
son  with  the  expressions  of  Jones,  the  responsive  time  constant  and  bandwidth  are  used.  These  are 
defined  as 


r4-50) 


T  =  l/4(Af) 
y  y 


wtieij 


e  y  is  the  relative  response. 


(4-51) 


4. 2. 2.1.  Johnson- Noise- Limited  Detectivity.  The  detectivity  fo.  this  noise  limitation  is  derived 
from  ::Equation  4- 15 


11  vT  1 

NEP  Kj  c/A*Af  vl  + 


(4-52) 


in  a  unit  bandwidth:  therefore 

Dj  =  kj  VT/(nA  (oiT)^)  (4-53) 

which  is  the  form  of  class  TIa  detector  and  so  defined  by  Jones.  If  the  bandwidth  Af  =  l/4r,  the 
dfiecti vity  becomes  at  zero  frequency 


D  =kj'  7/CA 


(4-54) 


which  is  the  form  of  the  class  II  detector. 
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4. 2. 2. 2.  Excess-  or  "l/f"-Noise-Liirited  Doteclivity.  Tliis  detectivity  is  derived  from  Equation 


•J-li) 


1 


T 


P.  -  --  ^  ^  -  P _ /. 

NEP  K.^  7-; - :;2  VAwtf 


(4-55) 


tor  a  unit  bandwidth. 


~K„ 


^  \  A 


(4-56) 


The  constant  is  the  detector  response  time  constant.  Jones  defines  a  reference  time  constant  . 
T  =  Tp/4.  Using  this  time  constant.  It  follows  that 


Dj  =  k^-  7=^- 
vl  -*■ 


16(iuT)^  VA 


(4-57) 


wiiich  is  the  form  of  the  class  Ilb  detector. 


4. 2. 2. 3.  Generation- Recombination- Noise- Limited  Detectivity.  In  this  case,  both  signal  and 
noise  depend  on  the  frequency  in  the  same  manner.  Thus  the  expression  for  NEP  v/as  found  to  be 
Independent  of  the  factor  Jl  ■>  18(a)r)  .  The  detectivity  is  derived  from  Equation  4-22 


The  detectivity  in  the  reference  bandwidth  takes  the  form 

D  =k3'  vt/  A 

which  IS  a  class  I  detector. 


(4-58) 


(4-59) 


4. 2.2. 4.  Shot- Noise- Limited  Detectivity.  This  detectivity  is  derived  from  Equation  4-26 


D 


(WT) 


2  A.  Of 


(4-60) 


snot  noise  has  a  flat  frequency  spectrum,  and  provides  a  detectivity  in  a  unit  bandwidth  similar  to 
Johnson  noise; 


*^1  = 


-.1  •  (xv)‘ 


(4-61) 
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and  iri  the  resnons'ce  tjardwidth 


.•T)‘  ^A 


for  zero  frequency,  which  is  the  form  of  a  class  II  detector. 

4.2.2. 5.  Figures  of  Merit.  By  taking  the  ratio  of  the  detectivity  of  class  I  detectors  with  that  of 
the  perfect  thermal  detector  (limited  by  photon  noise),  Jones  derives  a  figure  of  merit  called  Mj, 
expressed  as 

Mj  =  2.7C  X  10'**  X  DvA/vT  '  (4-64) 

A  figure  of  merit  for  the  class  11  detector  was  derived  using  Havens'  limit  as  the  reference  de¬ 
tector.  Havens  arrived  at  his  estimate  by  treating  thermal  detectors  as  heat  engines,  considering 
their  operation  from  a  theoretical  analysis  of  the  efficiency  of  such  engines,  and  arriving  at  an  ulti¬ 
mate  limit  of  perfoi-maiice  capathlity  by  including  considerations  of  Umittng  noise,  available  ma¬ 
terials,  and  techniques.  On  this  basis,  the  class  11  figure  of  merit  becomes 


M2  =  3  X  10  X  DvA/T  (4-65) 

4.2.2.6.  D-Star  (D*).  The  expresainns  for  detectivity  for  the  different  limiting  noise  types 

always  contain  the  factor  l/v'A*Af.  Therefore,  *hey  are  a  function  of  detector  size  and  the  electrical 

1 

bandwidth  of  operation.  A  more  useful  number  is  one  that  establishes  the  performance  of  the  de¬ 
tector  indepei.dent  of  these  quantities.  Jones  suggested  that  the  quantity  D*,  defined  as 

D*  =  VAAf/NEP  =  (4-66) 

serves  to  characterize  the  detector  in  terms  of  the  intrinsic  properties  of  the  material  of  which  it  is 
made  (Reference  4-9). 

The  wavelengtii  depeiidence  of  D*  for  the  background- limited  condition  can  be  obtained  by  insert¬ 
ing  the  expression  for  NEP  from  Equation  4-33  in  Equation  4-66, 

D  *  =  A  /hc.lX^ 

Ac  B 
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A  sanipie  calculation  for  the  evaluation  of  Jj*  at  6  „  for  a  6-,i-cutcH  dettcuu'  foiiowa  (Reference 
4-10). 


J„ 

B 


^  \ 

.')>  ,  tn 


,„rf 


■'o  ‘0 


J  dx  ^ 
e.tp  (hc/ xkT)-l 


isin  ^ 


d\ 


:  2ir  c  sin  ^ 


0  \ 


4  exp  (hc/XkT  -  1) 


v-here  J„  is  expressed  in  photons  per  square  centimeter  per  second,  4  =  S/2  is  one-half  the  angular 

D 

field  of  view,  B,  an^  Is  the  long-wavelength  threshold  of  the  detector.  The  quantity  after  the 

integral  sign  may  be  determined  from  a  radiation  slide  rule  or  the  Lowan  end  Blanch  tables  (Refer- 

16  2 

enee  4-11).  For  ^  =  7r/2  (2s  steradian  field  of  view)  and  A  =  6u,  =  4.8  x  10  quanta/cm  /sec, 

20  -t  m  B 

V.hc  =  10  /S.S  joules  .  Thus,  Dj^*  at  6  4  is 


10 


20 


2  X  3.3  X  (4.0  X  10^®) 


T72 


:  7  X  10^®  cm/watt*8ec 


Figure  5-1  s.hows  the  variation  of  at  the  spectral  peak  as  a  function  of  the  long-wavelength  thresh- 
uid  for  ideal  photoconductive  and  photovoltaic  detectors. 

*  can  be  improved  by  reducing  the  magnitude  of  J„.  From  Equation  3-58  1 1  is  clear  that  this 

A  _  B 

reduction  can  be  accomplished  by  dev;;ea.s:r.g  the  temperature  of  the  background  radiation  sources. 
This  can  be  done  by  cooling  the  walls  of  the  cell  surrounding  the  detector,  using  a  cooled  filter  to  re¬ 
duce  the  background  radiatio.i  from  a  spectral  1  egion  noi  present  in  the  signal,  and  using  the  detector 
against  a  cooler  background  outside  the  cell.  Figure  4-2  shows  the  variation  of  0^  *  at  spectral  peak 
as  a  function  of  background  temperatures  for  three  different  values  of  detector  cutoff.  A  further  de¬ 
crease  in  can  be  achieved  by  reducing  the  angular  field  of  view  observed  by  the  detector,  as  shown 
III  Figure  4-3.  Thus  it  appears  well  wnrth  while  tn  re-strict  the  field  of  view  of  a  delector  lu  tiiat  value 
required  for  a  particular  application. 
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BACKGROUND  TEMil?ERATURE  (®  K)  9  IN  DEGREES 


FIGURE  4-2.  PEAK  D*  VS.  BACKCHOUND  TEMPERATURE  FIGURE  4-3.  D»  AS  A  FUNCTION  01-  ANGULAR 
FOR  THREE  DETECTORS  IN  THE  BACKGROUND-LIMITED  FIELi)  OF  VIEW 

CONDITION  . .  "  !: 

4.2.2.7.  D-Double  Star  (D**).  It  Is  shown  In  Section  4. 2. 2. 6  that  D*  for  the  background- Umited 
case  is  dependent  on  the  ang’jlar  field  of  view  observed  by  the  detector.  Jones  suggested  that  a  quanilty 
independent  of  this  factor  would  be  (Reference  4-12) 

D»*  =  D’lAflAl/rt)*/^  .  p 

where  12  is  an  effective  weighted  solid  angle,  '•eferred  to  a  solid  angle  of  v  steradians,  which  the  de¬ 
tector  element  sees  througli  the  aperture  in  a  cell’s  radiation  shield.  If  the  detector  has  circular 
symmetry,  and  the  solid  angle  can  be  represented  as  a  cone  with  the  lialf  angle  9^,  then 


Tile  ellecl  ul  tins  cuncept  is  shown  in  Figure  4-4,  where  D**  is  shown  to  be  sulistantially  independent 
!'f  the  ..iigle. 
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nCUHE  4-4.  D**  AND  D»  AS  FUNCTIONS  OF 
ANGULAR  FIELD  OF  VIEW 

4.2. 2. 8.  Discussion.  The  analysis  carried  out  in  Sections  4.2.2. 1  through  4.2. 2.5  indicates  the 
following: 

(1)  Class  I  detectors  are  limited  by  background  and  G-R  noise. 

(2)  Class  II  detectors  are  limited  by  all  other  sources  of  noise. 

(3)  A  class  n  detector  can  become  a  close  I  detector  if  its  performance  is  improved  to  the  point 
th.1t  background  or  G-R  noise  predominates  over  any  other  noise  source.  This  can  be  d6ne  by  cooling 
a  detector.  It  appears  that  w.ien  a  detector  becomes  background  limited,  it  loses  its  .dentlty.  Its 
SEP  .as  shown  by  Equation  4-22  is  governed  by  the  rms  fluctuation  in  background  photons  striking  the 
detector.  Thus  the  performance  of  the  detectors  is  conipietely  described  by  the  condition  of  the  back¬ 
ground.  If  a  iinnit.cr  rvf  differs.".*  detectors,  all  having  the  same  spectral  response  characteristics, 
were  background  limited,  they  could  not  be  identified  individually  on  the  basis  of  NEP,  D,  0*,  or  a 
clas.s  I  designation.  This  would  .be  so  even  though  they  might  be  made  of  different  materials  and/or 
have  dilferent  lime  constanis. 
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(4)  The  signiticar.ee  of  the  figurtjs  of  merit  and  is  not  clear,  particularly  in  reference 
to  Havens'  limit.  Shn-c  a  delcutoi  can  go  from  class  H  to  class  1,  the  reference  might  ’Aell  be  to  the 
uacKgrijuna-iinatea  condition  in  uotih  eases. 

(5)  The  units  of  D*  have  received  considerable  attention  and  at  one  time  were  a  matter  of  con¬ 
troversy.  Jones'  original  definition  of  D*  appeared  in  the  form 

D‘=  /HITII _ L 

T^Ijc^2  icps  NEP 

Thus  It  appeared  that  the  definition  normalized  D*  to  a  unit  area  and  bandwidth,  and  that  the  unit  of 
D*  was  reciprocal  watts.  Th.s  unit  seemed  appropriate  since  D*  was  an  intrinsic  measure  of  a  ma¬ 
terial's  ability  to  detect  radiation  power.  However,  considerable  opposition  arose  to  the  normalization 

ii 

procedure  adopted  by  Jones,  and  the  units  ultimately  accepted  were  those  that  appear  in  a  straight¬ 
forward  examination  of  dimensions,  namely,  cm*  (cps)^'^'^*  watt'^.  These  units  might  appear  some¬ 
what  peculiar  in  that  D*  is  supposed  to  provide  a  measure  of  the  intrinsic  ability  of  a  detector  ma¬ 
terial  to  respond  to  radiation  power,  and  yet  contains  the  dimensions  of  size  and  frequency.  Never¬ 
theless,  O*  appears  to  do  its  job  on  the  basis  of  data  available  to.  date.  An  explanation  of  this  seeming 
contradiction  appears  to  come  from  an  examination  of  the  equations  derived  earlier  for  NEP  in  the 
various  noise- limiting  cases. 


The  factor  v  A  •  At  cancels  in  the  computation;  of  D*  ,  so  that  the  remaining  factors  provide  the  units. 

The  quantities  n  and  are  efficiency  factors.  Therefore,  the  dimensional  analysis  is  simplified 
B  b 

2 

J.,  "  Photons„  cm"  ■  sec  2 

D*  -  -  H  =  -  ^ 

Photons„,-  cm  •  sec 

a 

cm  1  _  cinvcps 

■•sec  watt.s  waits 

since  the  numbers  of  photons  are  dimensionless,  and  the  reciprocal  of  time  is  equivalent  here  to  a 
frequency.  The  derived  units  of  D*  becomes  cni  (cps)^  ^  watis,  consistent  with  accepted  usage. 

An  interpretation  of  the  meaning  of  the  units  of  D*  can  now  readily  be  put  lurth.  In  the  measure¬ 
ment  of  NKP.  radiation  power  from  a  I'lackliody  illununates  a  detector  to  generate  a  signal  voltage 
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V  .  A  noise  voltage  V_.  is  obtained  vhen  the  detector  views  an  ambient  biack  background.  V  may 

o  iN  N 

result  ft'.). II  iiackground  llucteations  or  noise  sources  internal  to  the  detector.  In  the  tackgrouno- 
li.ijitcu  case.  It  IS  Shown  above  that  D*  is  dependent  only  on  J_,  J_,  and  H,  while  being  explicitly 

a  D 

independent  of  area  and  bandwidth.  These  are  all  factors  in  the  measurement  procedure,  and  the 

units  of  D*  can  be  attributed  to  J  ,  J  ,  and  K.  Since  these  quantities  represent  the  numbers  oi 

b  B 

photons  and  watts  per  unit  area,  it  is  clear  that  the  measurement  Is  inherently  normalized.  Thus  If 
line  wi.ihut  t._.  perform  a  3crie.s  of  measurements  in  which  the  bandwidth  and/  or  the  area  are  vari- 
,*i.4es.  the  xperinient  would  be  carried  on  with  constant  J„,  J_,  and  H.  The  evaluation  of  D*  In  this 
situation  is  truly  independent  of  detector  area.  It  appears,  therefore,  that  Jones'  intuition  and  ex¬ 
perience  leading  to  his  judgment  ol  the  significance  of  D»  were  correct. 

It  IS  fruitfui  to  examine  the  units  of  D*  in  the  Johnson-  and  shot-noise-limited  cases.  The  ap¬ 
propriate  expressions  can  be  obtained  by  inserting  £quations  4-14  and  4-26  into  Equation  4-63.  They 
are  for  D*  limited  by  Johnson  noise; 


and  for  D*  limited  by  shot  .noise 

t)  Jg^  I - - - 

In  the  Johnson  noise  case,  the  quantities  eEL  and  kT  represent  electric  and  thermal  energies,  and 
have  the  .same  basic  units.  Let  us  separate  out  these  factors  In  the  dimensional  analysis. 

n.  =  -1.^^../^ 

kT  vfid  H  ’  ■ 

treating  the  case  where  v'v  <  <  1,  and  omitting  all  numerical  factors.  Substituting  units  provides 


D*  = 


Vs!!^  cm: 


D* 


Energy  , 

eiec 

Enerirv,. 

■  therm 


«  t^hotons/  Area  ■  Time  - 

watts/ Area  ’ 


therm 


watts 


.T’irae 


c  m  .  cps 
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In  the  case  of  shut  uoise,  the  quantity  *  t.  is  unitless,  eEL  is  an  electric  energy,  and  D*  can  be 
expressed  dimensionally  as 


i Energy 

D«  =\= - -cm- 

N  Encrg’,’ . 

therm 


Photons/Area  •  Time 
*  watts/  Area 


•  V  Time 


for  the  case  of  ^  1.  On  simplifying 


D»  = 


Energj' 


elec 


^Energythe,^  watts  v^me: 


_  cm  v'cps 
wat'  3 

It  is  clear  that  units  are  consistently  maintained  foi  afferent  noise-limited  cases.  An 

interesting  feature  of  this  examination  is  that  the  ratio  of  an  electric  energy  to  a  thermal  energy 
appears  as  a  factor  for  the  Johnson  noise-limited  case,  and  that  the  square  root  of  this  quantity 
appears  in  the  shot  noise  case.  This  is  consistent  with  different  mechanisins  responsible  for  Lhe 
two  cases.  In  Ixith  cases,  an  increasing  bias  voltage  and  a  decreasing  temperature  should  result  f.n 
increasing  D*.  The  density  of  carriers  n  is  also  dependent  on  T,  and  decreases  with  reduced  temp- 
“riUure.  However,  reduced  T  can  also  affect  the  magnitude  of  the  energy  gap,  changing  the  cutoff 
wavelength,  and  also  affects  the  time  constant  These  apparently  are  the  factors  that  are  adjust- 
.(.'tle.  Ill  particular,  when  seeking  the  optimum  bias  for  a  photoconductlve  detector,  it  may  well  be 
1  m.ittpr  cf  raifiini’  the  thas  until  an  increased  temperature  from  -loiile  heating  results.  Further 
lii.i.siiig  ci'uki  cause  adveise  leiiiperalure  effects,  and  therefure  a  reduced  D*. 


(6)  III  a  recent  statistical  analysis  of  the  NEP's  reported  on  lead-compound  film  detectors, 

1/2 

Limperis  (Reference  4-13)  reported  that  these  excess-noise-limited  detectors  fallow  an  A  de- 
perideiire.  rnnfirniing  the  treatment  of  Section  4. 1.1.2.  Until  recently,  data  did  not  clearly  Indicate 
.1  Cl  nisi. uU  111  eiuiiHlrv  dependence  for  .NEP.  There  were  two  factors  which  prevented  obtaining  con- 
si. stent  dat.T: 


i.i)  Limiting  detector  noise  sources  were  not  uniformly  distributed  through  the  detector. 


i/ec:  regi'ii's  on  the  crystal's  surface  and  within  the  bulk.  Detector  technology  has  now  reached  the 
stage  A  lure  .inil'irni  .sources  o!  noiso  Ironi  the  crystal  s  suriace  and  bulk  are  becoming  the  dominant 
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(b)  The  pholorespoiise  was  generally  nonuniform  across  a  detector  surface.  The  film  de¬ 
tec. uzs  were  pariicularly  difficult  to  deal  with  in  this  regard,  as  shown  in  Figure  A- 16.  Therefore, 
an  effective  detector  area  has  to  be  defined,  which  Jones  suggested  as 


ff  y(x,  y)d.xdy 


where  y  (x,  y)  is  the  local  responsivity  of  a  detector  at  position  x,  y  on  the  surface,  is  the 
ma.x!r;ium  value  of  y  (x,  y)  obtained  on  scanning  a  small  light  spot  over  the  surface. 

It  appears  that  detector  technology  has  Improved  to  the  point  where  uniformity  of  noise  generation 
and  response  is  sufficiently  advanced  to  provide  reliable  data  for  analysis. 


4.2.3.  PETRITZ  SYSTEM  OF  CLASSIFICATION 

4.2.3. 1.  Infcr.nistion  Capacity  and  Eauciency.  Efforts  to  establish  the  performance  capability 
have  concentrated  on  NEP  and  its  meaning  In  terms  of  a  reference  number  such  as  D*.  Petrltz  sug¬ 
gested  tiiat  to  piupeily  aelect  ui  evaluate  a  detector,  additional  Information  is  required.  In  particular, 
It  is  Important  to  know  not  only  an  rms  q-’a'ctity  such  as  IiEri  but  lh  addition  the  rate  at  which  the 
detector  is  able  to  collect  and  provide  Information,  and  how  efficiently  it  Is  able  to  convert  absorbed 
signal  photons  to  "bits"  of  information.  Petrltz  applied  Information  theory  to  establish  a  complete 
system  that  would  describe  a  detector,  and  provide  a  systematic  approach  to  the  selection  of  an 
optimum  detector  for  a  given  applicati-.i.  The  treatment  is  somewhat  detailed,  and  can  only  be 
summarized  here.  The  Interested  reader  is  referred  to  two  publications  which  apply  (RefeiBiices 
4-14  and  1-15),  and  from  which  the  following  material  is  drawn. 

The  basic  equation  of  inf  or  matior.  theory  states  that  the  maximum  attainable  Information  capacity 
or  rate.  C.  of  a  channel  of  infinitesimal  bandwidth,  df,  is  given  by  (Refcieiices  4-16  and  4-17) 

C(di)  =  df  log2  [l  ^  (Vg/Vj^)^]  bits/sec  (4-69) 

while  the  capacity  for  a  finite  bandwidth  f ^  is 

fn 

"1  '“Szi* 
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C(Af) 


(4-70) 
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i  uc  ui'ii  M  1  I'U,  i?  thf»  Information  gained  in  a  measurement  where  there  are  twc 

i-t _ wKon  a  nartindar  valus  is  measured. 

equally  prouauie  re&uiii*.  ‘v.  — -  .  i 

»  .  1  i«  r  _ _ _ _ -  -  fr^r^  f.-\^  O  T>  CQ^  th3  ■'  n- 

For  the  case  where  the  signal  lo  noise  ratio  is  uiaepeaueiu  ui  ncnuciiw^  tiic 

formation  capacity  is  given  by 


C(af)  =Af  iog^  [1  +  (Vg/Vj,)^] 


(4-71) 


The  dependence  of  C(Af)  on  is  shown  in  Figure  4-5.  Notice  that  when  the  slgnal-to-nolse 

ratio  is  unity; 


(4-72) 


or  the  number  of  bits  of  Information  per  second  is  equal  to  the  bandwidth.  For  the  case 


Af  =  1/T 

the  reciprocal  of  the  time  consUnt  is  also  the  Information  capacity.  The  information  efficiency  is  :l 
defined  as 

CibltB^  ^  C  bjts/joule  ,«-73) 

^  P  (watts)  P  ;  ' 


FIGURE  INFORMATION  CAPACITY  AND 

INFORMATION  EFFICIENCY  AS  FUNCTIONo 
OF  SIGNAL- TO-NOISE  RATK^ 
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or  wXp^  cSsiuu  ill  Oudntii 

If'  =  -  h  bits/ quantum 
P/ni' 

where  P  is  the  power  flow  to  the  detector. 

The  dependence  of  if-  on  the  slgnal-to-nolse  ratio  for  the  rtkrrowband  condition  is  obtained  from 
hquatien  4-tii),  and  the  definition  of  NEP; 

(Vg/Vjj)  NEP 


whore  D  is  independent  of  the  slgnal-to-nolse  ratio.  Figure  4-5  shows  a  plot  of  if'/DAf  versus 
Vg/Vj^.  A  maximum  appears  at  a  ratio  of  signal  to  noise  of  unity,  indicating  that  the  detector  is 
achieving  an  optimum  number  of  bits  of  Information  per  incident  piioton.  This  simple  treatment 
provides  a  meaning  for  information  capacity  and  efficiency.  Petritz  then  goes  on  to  systematically 
examine  these  quantities  and  signal,  noise,  NEP,  and  detectivity  for  the  Johnson-,  excess-,  and 
G-R-noise-limlting  cases,  as  well  as  for  the  general  bandwidth  case. 

The  result  of  this  analysis  provides  a  series  of  normalized  expressions  and  curves  suitable  lot 
evaluating  NEP,  C^,  and  (subscript  N  refers  to  case  where  =1),  when  experimental  data 

for  the  detector's  noise  spectrum,  signal  spectrum,  and  responsivlty  are  provideu.  In  addition  it 
was  found  that  a  detector  generally  achieves  an  optimum  information  efficiency  in  or  near  the  ref- 
crsr.ce  condition  if  =  l/4~  (where  r  is  the  rtJponsive  time  constant  rather  than  the  reference  time 
constant  of  Jones);  that  it  is  generally  costly  in  NEP,  C„,  and  to  use  Af  >>  1/ 4r;  and  finally  that 

NEP  is  improved  at  the  exnense  of  C.,  and  i/',,  when  &  f  <<  1/4t. 

N  N 

In  cojiclusion,  information  efficiency  was  shown  to  be  a  measure  of  the  performance  of  a  de¬ 
tector  in  ijhat  it  expresses  how  efficiently  a  cell  converts  radiation  energy  into  bits  of  information. 
Furthermore,  it  expresses  how  NEP  and  information  rates  are  exchangeable.  It  can  be  used  to  com¬ 
pare  cells  under  the  condition  of  equai  information  rates,  under  the  condition  of  maximum  information 
efficiencies,  and  in  fact  under  any  arbitrary  conditioriS.  Petritz  recommends  therefore  that  infor- 
niati'in  efficiency  be  considered  as  a  figure  of  merit  for  radiation  detectors. 
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4. 2. 3. 2.  frequency  Compensation,  from  the  remarks  made  above  in  Section  4.2.3. 1  regarding 
tne  reiationsmp  oetween  and  t,  it  is  clear  tnat  an  exact  relationship  between  Af  and  t  is  not  sacred. 
If  one  needed  improved  NEP,  and  If  Information  efficiency  or  capacity  were  not  important  factor:,  a 
reduced  bandwidth  of  operation  could  be  used  at  the  expense  of  increased  measuring  time  to  obtain  a 
desired  result.  Ultimate  performance  along  these  lines  would  be  obtained  using  a  synchronous  de- 


...U.w...  Ml  t 


A  t  . 


has  been  said  up  to  this  point,  however,  about  the  possibility  of  using  a  bandwidth  greater  than  that 
suggested  by  1/4t.  It  Is  clear  from  the  subsections  of  Section  4.1,  that  the  responsivlty  in  our  gen- 

r  2 1  “1  ^2 

eral,  simple  case  decreases  as  +  ((t/ryj  '  and  that  the  noise  may  fall  off  in  the  same  manner 
(G-R)  or  1/i  (excess),  or  be  essentially  flat  (Johnson).  It  will  be  worth  while  to  determine  whether 
there  is  tmythlng  to  b«  gained  by  an  extended  bandwidth  operation  for  these  limiting  cases,  where  the 
slgnal-to-noise  ratio  is  greater  than  unity.  We  shall  consider  here  a  Q-IR  noise-limited  condition, 
referring  the  reader  to  Petrita  for  a  detailed  treatment  of  ail  cases  (Reference  4-14).  In  this  par¬ 
ticular  case  any  frequency  compensation  techniques  must  boost  the  detector's  signal  and  noise  to  the 
Same  extent.  Therefore,  any  compensation  that  applies  effectively  must  relate  to  the  flat  Johnson 
and  shot  noises  of  the  preamplifier  system  as  an  effective  limiting  condition.  In  the  analysis  that 
follows,  the  responsivlty  will  have  the  frequency  spectrum  associated  with  a  simple  exponential  type 
photodecay,  and  the  limiting  noise  will  be  treated  as  flat  and  assocated  with  the  preamplifier. 

Consider  Figure  4-6,  where  we  are  Interested  first  in  responsivlty  curves  B  and  D.  These  two 
different  responsivities  are  related  to  detector  time  constauis  Tj  and  by 


r,  = 


1 


K 


^'3 


where  ,1^  is  a  constant  relating  signal  volts  to  watts  independent  of  frequency  and  time  constant.  Fi- 

. . .  ■  ivf-j  io  given 


nolltr  thoT*o  ic  cj  fl'sf  r*/-vi  oo  r»>  TF 
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A I  vliv 


bv 


D  =  J’-  ^ 

I  V  V  /  2 
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LCX;  FREQUENCY 

FIGURE  4-6.  FREQUENCY  COMPENSATION  . 

Let  us  sec  if  it  is  possible  tc  apply  frequency  compensation  to  detector  3,  so  that  Its  performance 
at  extended  frequency  can  be  made  comparable  or  better  tlian  detector  I.  Consider  a  compensation 
system  that  has  a  frequency  response 


1  ♦  (wTg) 


’'f  =  rT 


1  ^  (utTjr 


The  co.mpensatod  rosponsa  of  detector  3  is 


’'3C  "  ^3  ^f  '  /.  '  r  ~2 

V  I  ->  (WTg) 


which  extends  the  frequency  response  curve  out  to  as  shown  by  E.  The  flat  noise  F  spectrum  Is 


also  modified  by  cotnoensation  to 


1  r  (a-Tj‘ 

V  =  V - - — 

NC  N  ,  ,  .  -2 

1  -  {wT  ) 


as  described  by  curve  G-  The  new  detectivity  of  detector  3  is 
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!S  the  same  as  for  the  uncompensated  detector.  Comparing  this  with  detector  1, 


I _ L_ 

y,/v  ~y7~^  u  ^ 

IN  1  1 


for  ai!  frequencies.  Thus  the  compensated  slow  detector  has  at  least  as  good  a  responsivity  as  the 
fast  uncompensated  detector.  This  results  basically  from  the  dependence  of  responsivity  on  lifetime. 
Thus  in  this  G-R  case  compensation  is  profitable. 
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OETAIISD  DESCRIPTION  of  DETECTORS 

Conjulential 

5.1.  (Confidential)  IKTRODUCTTON  TG  DETECTOR  ENUMEKAnOw,  jjy  Thomas  Limperls 

The  fundamental  problem  which  faces  the  infrared  scientist  or'  engineer  regarding  detectors  is 
choosing  the  best  cell  for  h; ;  application  from  the  many  different  kinds  of  detectors  available.  Many 
of  the  detector  paran.'elers  must  be  taken  into  consideration  before  the  final  judgment  can  be  made. 
They  Include: 

(1)  spectral  response 

(2)  detectivity 

(3)  resistance 

(4)  noise  spectrum 

(5)  relative  response 

(6)  time  constant 

f?)  parameter  linearity 

(8)  sensitivity  contour 

(9)  cooling  temperature 

(10)  availability 

(11)  magnitude  of  signal  and  noise 

Usually  the  must  Important  of  these  is  the  absolute  spectral  response,  for  tiie  detector  must  be  sensi¬ 
tive  in  the  wavelength  region  of  interest.  Perhaps  the  next  most  important  parameter  Is  the  time 
crm.stant,  since  it  provides  a  measure  of  the  information  capa  .ty  of  the  detector.  The  magnitude  of 
signal  and  noise  and  the  resistance  are  good  measures  of  the  simplicity  or  difficulty  of  the  electronic 
dc.sign  required,  and  the  tell  operating  temperature  tells  something  of  installation  difficulties. 

In  tnis  section  most  of  the  above-mentioned  parameters  are  discussed  individually  for  all  the 
co.Tiinonly  used  detectors.  Composite  cu'vjbs  of  the  spectral  response  and  a  table  of  the  other  perti¬ 
nent  parameters  are  included  so  tliat  a  ready  compariaon  may  be  made.  Tlsese  sumiiiaries  follow 
immediately. 

The  spectral  rtsp'X'.ccs,  or  detectivities  as  a  iuucuon  of  waveiengtn,  01  most  of  the  detectors 
treated  in  this  report  and  ad  of  the  currently  used  detector.3  are  shown  in  Figure  5-1.  Values  for 
immersed  and  unimmersed  thermistors  are  given  for  comparison.  Unless  indicated  otherwise,  the 
curves  are  for.  representative-  detectors  -  those  that  would  be  delivered  by  the  appropriate  manu- 
fr.tuivis  mo.st  of  the  time.  For  lead  sulfide,  lead  teliuride,  lead  selenide.  and  tellurium,  vahies  for 
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FIGLTIE  5-1.  D*  VS.  ^  FOR  AVAILABLE  DETECT0R6 
Confidential 


selected  cells  arc  also  giver..  The  details  of  the  averaging  process,  vat'ies  of  standard  deviation,  and 
other  details  are  given  in  the  appropriate  subsequent  sections. 

A  theoretical  curve  (or  D*  is  also  shown  in  Figure  5-1.  These  theoretical  values  were  deter¬ 
mined  by  assuming  that  the  detector's  spectral  response  has  a  saw-tooth  configuration.  For  this  type 
nf  rphonnsp.  the  wavelpngtti  at  peak  detectivity  and  the  cutoff  wavelength  are  the  same.  The  calcula¬ 
tions  were  based  on  the  assumption  that  the  ultimate  noise  limitation  was  caused  by  random  arrival 
of  photons  from  the  background.  (See  Chapter  3  for  a  detailed  discussion  of  noise.)  Present-day 
quantum  detectors  often  have  spectral  responses  which  differ  considerably  from  the  assumed  saw- 
t(X)tn  shape.  For  example,  the  impurity-activated  germanium  detectors  have  a  spectral  response 
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'.‘.  iich  IS  r.-orc  accurately  appraxiniaie-d  by  a  su^ierpositinn  r>f  f-wn  saw  tpptli,  one  corresponding  to  the 
intrinsic  abs- rpti.  r.  region  .»iid  liiir  otliei  to  the  extrinsic  absorption  region.  More  exact  approxima- 
tiuns  to  the  actua!  curves  can  also  be  used.  Smith,  Jones,  and  Chasraar  (Reference  5-1)  did  this  for 
lead  salts.  A  brief  explanation  of  how  to  compare  the  theoretical  limit  with  the  curve  for  any  given 
Hp‘p,  tr,r  ic  in  order.  The  theoretical  limit  of  peak  P'  (for  a  300"  K  background  and  180“  field  of  view) 
IS  plotted  as  a  function  of  the  detector  long-wavelength  cutoff.  The  cutoff  is  defined  as  that  wavelength 
at  wliii-Ii  D  “  lias  decreased  oy  a  tactor  of  2  from  the  maximum  D*.  To  find  the  theoretical  limit  of 
detectivii>,  one  simply  determines  the  cel!  cutoff  wavelength  and  reads  off  the  D*  peak  value  from  the 
curve.  By  comparing  this  value  with  the  peak  D*  of  a  representative  cell  one  may  observe  how  close 
detectors  approach  the  theoretical  limit  lor  that  material.  In  cases  where  Che  material  is  relatively 
new,  one  can  expect  the  difference  to  be  large;  and,  conversely,  when  the  state  of  the  art  is  quite  close 
to  the  theoretical  limit  (a  factor  of  an  order  of  magnitude  or  less),  little  Improvement  .should  be  ex¬ 
pected  In  D*.  Howe'-er,  increases  in  detectivity  can  be  obtained  by  limiting  the  detector  field  of  view 
with  cooled  shields  (see  Chapters  3  and  4  for  a  detailed  discussion  of  this).  Improvements  might  also 
be  expected  in  terms  of  reproducibility  and  parajiicter  stability,  for  example,  the  lead  salts  have 
average  detectivities  about  an  order  of  magnitude  from  the  theoretical  limit,  but  much  is  desired  In 
the  way  of  parameter  stability. 

Other  parameters  of  detectors  are  presented  in  Table  5-1.  Ranges  are  given  for  the  impedance 
and  time  constant  for  each  material.  One  should  keep  in  mind  that  for  oxygen-sensitized  film-type 
detectors,  either  impedance  or  time  constant  may  be  optimized  at  the  expense  of  the  other,  often  with 
some  sacrifice  In  NEP. 

In  many  detector  appltca(ion.s,  high  levels  of  background  radiation  exist.  Consequently  some 
mcasu'c-  ol  the  photosaturatiou  (or  nuiilinear  effects)  is  needed.  We  propose  a  figure  of  merit, 
which  is  defined  as  follows:  i,s  that  level  of  effective  background'  irradiance  incident  on  the  de¬ 

tector  which  causes  a  degradation  of  a  factor  of  5  over  noise  equivalent  power  which  was  measured 
with  a  background  temperature  of  300“  K.  The  factor  of  5  has  no  significance  except  to  indicate  the 
level  of  background  radiation  where  photosaturation  is  appreciable.  This  degradation  can  be  caused 
by  an  increased  noise  level  or  decreased  responsivity.  gives  the  equipment  designer  a  measure  of 
the  cell  performance  in  high -temperature  environments  such  as  exist  in  infrared-guided,  liigh-velocity 
missile  systpme  Tho  figure  of  merit  reported  in  Table  5-1  was  caicuiatea  trom  the  data  generated 
by  Molitor  ct  al.  (References  5-2  to  5-5),  who  made  measurements  on  PbS,  PbSe,  PbTe,  InSb,  and 

'Effective  background  ii radiance  impiie.5  only  those  background  photons  which  have  wavelengths 
in  tile  spectral  region  to  w.hieh  int  detector  i.s  sensitive. 
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Tisie 

H 

Cell 

Material 

Mode 

Resistance 

Constant 

D*  Peak 

X  Peak 

Temp. 

ilisec) 

(w/cm  ) 

/  1/2  ‘1, 
(cm  •  cps  .  w  "  ) 

(u) 

(°K) 

PbS 

PC 

0.5-1. 5  Mfl 

150-500 

1.3  X  10'^  ' 

1x10^^ 

2 

300 

PC 

1-10  Mfl 

800-1500 

6x10*° 

2.5 

77 

PC 

50K-5  Mfl 

1-10 

5  X  10° 

3.4 

300 

PbSe 

PC 

0.2-20  Mfl 

10-20 

4.5  X  10*° 

3.4 

228 

1, 

PC 

5-100  Mfl 

10-30 

2  X  10'^ 

8  X  10° 

4.7 

77 

PbTe 

PC 

PC 

0.1-10  Mfl 

50-100  Mfl 

1-10 

-15 

5  X  10'^ 

2  X  lo' 

8  X  10° 

3.2 

4.5 

300 

77 

T1  S 
“‘2 

PC 

1  _  1  n  » ^  n 

300  1000 

|! 

...  ..12 

A  IV 

G.G 

SCO 

Te 

PC 

500-2  Kfl 

-^0 

4.8  X  10*^ 

3.5 

77 

PC 

i.o-ioofl 

<1 

1.3  X  10° 

5.8 

193 

PC 

~200fl 

<1 

4  X  10*° 

5.3 

77 

tiSb 

PV 

200-2000fl 

<1 

1.5  X  10'^ 

4  X  10*° 

5.3 

77 

PEM 

2-30fl 

<1 

1  X  10° 

6.4 

300 

InAs 

PV 

30-200fl 

~2 

8  X  10° 

3.5 

300 

Ge;Aul 

PC 

0.1-5  Mfl 

<1 

3  X  10° 

5.0 

77 

GeiAulI 

PC 

1-40  Mfl 

30-1000 

3.5  X  lO"'* 

1.5 

80 

Ge:Cd 

PC 

<1 

--  -.10 

Z,i  X  AU 

17 

26 

GeiCu 

PC 

30Kfl-20  Mfl 

<1 

3  X  10**^ 

oe 

-15 

Ge;Hg 

PC 

2  X  10^° 

9 

35 

Ge:Zn 

PC 

-0.5  Mfl 

<0.1 

1  X  10*° 

34 

4.2 

Ge-Si:Aa 

PC 

'0.6  My 

<1 

0 

2  X  lO- 

9 

60 

Gp-Si:Zn 

PC 

'30  MO 

<1 

g 

2  X  10^ 

10 

60 

Si 

PV 

770  Mfl 

-4 

12 

9.6  X  10 

0.9 

300 

Thpr  m  1  ctn  r 

PC 

n  ^  n 

1-15 

o  o  1  n® 

_ 
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Cc  .\Li.  resistance,  noise  (GO,  If,  responssvity,  and  NEP  were  determined  as  functions  of  background 
uiumiiKiiion.  Tui  PbTc  the-  \aiue  of  It^  is  an  average  over  the  tiiree  ceiis.  for  the  others  only  one 
detector  was  measured.  Unfortunately,  these  data  lire  not  available  for  all  detector  types. 

In  some  detectui.  applications  (i-fc-,  infrared  systems  in  iiiterpUinfctary  space),  the  detector  is 
subject  to  high-energy  particle  bombardment.  Consequently,  some  knowledge  of  the  behavior  of  de¬ 
tector  response  to  high-energy  psvrticle  flux  if  of  value.  Unfortunately,  tiie  majority  of  wbrk  (Ref¬ 
erences  5-6  to  5-11)  in  this  area  lAs  been  directed  towards  observing  these  effects  in  the  lead-salt 
detectors  only.  This  may  be  because  room-temi>erature  cells  are  so  convenient  in  these  applications. 

Immediately  following  are  detailed  descriptions  of  the  individual  detectors.  T|ie  first  of  these 
sections  describes  the  lead  chalcogenides  (PbS,  PbSe,  and  PbTe).  This  is  followed  by  discussions  of 
impurity-activated  germanium,  impurity-activated  germanium -silicon  alloys,  tellurium,  indium 
arsenide,  and  Indium  antimonide. 
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5.2.  THE  LEAD  SALTS,  by  Thomas  Limperis 

The  lead  chalcoaKcnides  n'ere  the  first  most  hiehlv  developed,  highly  reproducible  infrared 
quantum  defectors  available  for  scientific  and  military  application.  The  early  v.’ork  on  these  materials 
dates  back  to  World  War  II,  when  German  scientists  developed  two  methods  for  pioducing  a  new  type 
of  lead-salt  detector  which  was  composed  of  a  thin  polycrystalline  film.  One  method  of  preparation 
W'as  to  deposit  the  film  by  chemical  means.  It  is  interesting  to  note  that  chemical  methods  for  de¬ 
positing  lead  sulfide  iilms  have  been  well  known  in  the  mirror  Industry  for  nearly  half  a  century,  but 
such  reflecting  films  exhibit  little  or  no  photoconductivity.  The  other  method  is  an  evaporation  tech¬ 
nique.  The  film-type  lead  sulfide  detector  was  first. produced  ii.  the  United  .States  in  1944  by  Casnman 
at  Northwestern  University  (Reference  5-12).  Subsequently,  in  i945,  Sosnowskl  et  al.  (Reference  5-13) 
of  the  Admiralty  Research  Laboratory  (now  the  Services  Electronics  Research  Laboratory)  produced 
the  first  lead  sulfide  film-type  detector  in  England.  More  detailed  information  on  the  history  these 
cells  may  be  obtained  from  a  special  issue  of  the  .Proceedings  of  the  Institute  of  Radio  Engineers 
(RefeieuCeS  5-14  and  5-15y. 

The  detectors  which  are  available  today  are  on  the  average  far  better  than  those  used  during  and 
immediately  after  World  War  II,  although  some  of  the  old  detectors  are  as  good  as  any  today.  Al¬ 
though  more  Is  understood  today  about  the  operation  of  these  detectors,  there  Is  still  a  reasonable 
amount  of  cut  and  try  and  "do-lt-cause-it-works." 

Three  photoelectric  properties  of  the  lead  salts  have  been  used  for  the  purpose  oi  detecting  in¬ 
frared  radiation.  They  are  the  photovoltaic,  photoelectromagnetic,  and  photcconductlve  effects. 
Photoconductivity  In  polycrystalllne  films  has  been  the  most  frequently  used  effect,  since  the  photo¬ 
voltaic  and  photoelectromagnetic  modes  require  single  crystals.  These  crystals  are  still  relatively 
difficult  to  make,  and,  since  their  carrier-recombination  time  is  very  short,  on'y  extremely  small 
photocurrer.ts  can  be  obtained. 

The  spectrai  response  of  the  three  types  of  detector  has  been  measured  and  reported  in  the  lit¬ 
erature.  Moss  (Reference  Ii-16)  has  measured  the  P£M  (photoelectromagnetic)  response  in  Wisconsin 
galena  ol  hi.;{h  p.'rity.  Fischer  et  al.  (Reference  5-17)  measured  the  photovoltal.;  response  in  Sardinian 
galena.  The  long-wavelength  limit  of  response  for  these  modes  in  the  galena  crystals  was  3.0  ^i. 
Scanlon  and  l.ieberinan  (Reference  5-18),  using  synthetic  single  crystals  of  Pl.S,  Pb.Se,  and  PbTe, 
measured  the  rooni-te.uiperature  photovoltaic  response,  and  determined  the  long- wavelength  limits 
as  appro-xi niaieiy  3.3  5.08  and  4.0  ,*  respectively.  The  long-wavelength  limit  is  defined  as  the 

wavelength  at  which  the  response  falls  to  L2  the  peak  value.  The  carrier  lifetime  in  single  crystals 
.‘.as  i.oanu  ov  the.se  and  iiher  w.irKers  i  j  be  several  orders  of  .Uiagnitude  slioi  ter  than  the  lifetime  in 
thin  film:  . 
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Models  for  Photocoiiduetive  Detection  with  Thin  Films 

vViien  tnm  lunis  ol  tiie  lead  salts  are  examined  under  a  microscope  they  appear  to  be  composed 
of  small  single  crystals  0.1  to  1.0  u  long  (Reference  5-ia),  separated  by  barriers  0.001  p  wide. 

These  barriers  are  probably  composed  of  PbO  and,'Or  PbO*  PbSO^  (Reference  5-20).  The  lengths  of 
the  microcrystalb  are  dependent  on  the  aiiiount  of  fJlia  oxidation  (page  1869  of  Reference  5-21  and 
Reference  5-22),  where  longer  oxidation  periods  result  In  smaller  microcrystals. 

Optical  absorption  (Reference  5-23)  and  electrical  conductivity  (Reference  5-24)  measurements 
nn  single  crystals  of  the  lead  salts  have  shown  that  the  energy  gap  of  the  single  crystal  corresponds 
to  the  long-wavelength  limit  of  photoconductivity  of  tne  film.  Thus,  the  photoelectric  process  in  which 
free  carriers  are  generated  by  absorption  of  photons  involves  a  main-band  transition  in  which  an  elec¬ 
tron  is  raised  from  the  full  band  to  the  conduction  band,  thereby  leaving  a  hole  in  the  full  band.  The 
role  that  oxygen  plays  in  the  photoconductive  process  therefore  must  be  found  in  the  r^omblnatlon 
of  charge  carriers.  Recombination  processes  are  discussed  generally  In  terms  of  the  carrier  life¬ 
time  01  importance  (References  5-20  and  5-25  to  5-27).  Three  models  will  be  discussed  briefly. 

In  the  intrinsic-carrier  model  (Reference  5-25)  oxygen  acts  as  a  p-type  compensator  impurity 
to  balance  the  n-tvpe  Impurities  in  the  film.  Both  the  lifetime  and  the  humber  of  free  holes  and  elec¬ 
trons  are  egiial.  Recombination., occurs  between  electrons  and  holes  either  directly  or  via  rscOhiblhstior. 
centers.  MoAlmun:  response  is  obtained  by  minimizing  the  electron  and  hole  densities  by  compen¬ 
sation  and  by  maximizing  the  lifetime  of  hole-electron  pairs. 

In  the  minority-carrier  model  (References  5-25  and  5-26),  the  film  is  visualized  as  a  composite 
of  microscopic  n-p-n  junctions.  The  crystallites  are  n-type  with  a  thin  layer  of  p-type  material  In 
between,  presumably  produced  by  the  oxidation  treatment.  Barrier  modulation  plays  an  Important 
role  in  this  model.  The  diffusion  of  minority  carriers  across  the  p-n  junctions  results  in  lowering 
the  space-  charge  barrier  at  the  junction,  thereby  allowing  more  current  to  flow  across  the  junction. 

A  long  minority-carrier  lifetime  and  a  low  minority-carrier  charge  density  are  again  necessary  for 
high  responsivity. 

The  majority-carrier  model  (References  5-29  and  5-30)  depends  on  the  presence  of  minority- 
r.'j.  rier  traps  in  the  film,  which  are  due  ’.o  oxygen  or  oxygen-containing  molecules.  The  traps  may 
liL  of  either  the  siirfs-p  nr  the  imiic  type.  The  free  mi.oGrity  carrici  eicaied  inuiaiiy  uy  the  pnoion, 
when  trapped,  leaves  the  majority  carrier  free  to  (-.nidiict.  The  increase  in  the  niajurity-carrier 
lilelmic  I.-  pi-ii[»'riioiuii  to  the  time  tliV  niiiionty  carrier  spends  in  the  trap.  High  responsivity  is  olj- 
i.iioi -,-i  in  "|)!inii/i' Ill,  1-.111..1.!  tin-  mjj  itv-carrn  r  liletime  to  the  niaiority-carrier  de  nsity. 
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Secondary  amplification  is  also  possible  through  lowering  o;;  the  ir.:erciysUlUue-i>iirrier  potential 
by  the  trapped  minority  carriers. 

Many  of  the  properties  of  photoconducting  films  have  been  explained  by  the  last  two  models.  It 
is  not  unlikely  that  both  these  processes  and  other  mechanistns  are  present  In  the  various  photocon- 
dnciive  films. 

Band  Gap 

In  1952,  Gibson  (Reference  5-31)  and  Clark  and  Cashtnan  (Reference  5-32)  reported  that  the  lo¬ 
cation  of  the  absorption  edge  (and  therefore  the  band  gap)  is  a  function  of  the  temperature  of  the  le^- 
salt  crystal  or  film  upon  which  the  measurements  are  being  made.  An  examination  of  this  depe.ndency 

revealed  that  the  edge  shifts  towards  lorgier  wavelengths  with  decreasing  temperature  by  ths  amount 

-3  -4 

of  9.5  X  10"  p/°C,  this  conesponds  io  a  decrease  in  the  energy  gap  of  4  x  10  ev/®C  (Figure  5-2). 

This  shift  is  anamolous  si.nce  the  absorption  edge  in  most  semiconductors  moves  towards  shorter 

wavelengths  with  decreasing  temperature. 

One  method  for  theoretically  determining  the  energy  levels  In  solids  Is  to  consider  ths  lattice 
sites  widely  separated  and  tj  observe  the  behavior  of  the  dlscrAfe  atomic  energy  levels  as  the  atoms 
are  brought  closer  together  to  form  the  crystal  lattice.  Because  of  their  charge  interaction,  when 
the  atoms  are  brought  closer  together  these  discrete  energy  levels  broad  in  into  bands.  Two  possible 
behaviors  are  shown  in  Figure  5-3.  The  nornial  spacing  is  a  room-temperature  condition.  !f  the 
lattice  spacing  Is  decreased  slightly  from  the  room  -temperature  position  by  decreasing  temperature 


TEMPFRATURE  (OK)  fa)  (b) 

FIGl'RE  ')-2.  riJAXGE  IN  B.A..\D  CAP 

WITH  TE.MPr;R.ATl'aE  FOR  THE  PIjS  FIGLuE  :i.  POSSIBLE  E.NKKtiY-BANi)  DEVEiXfP- 
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or  increasiiig  pi  eoajrc,  the  hdna  gap  decreases  as  in  Figure  5-i5(a)  and  increases  as  in  Figure  5-3(b). 
Presuiiiaisiy  the  lead  chaicogemdes  behave  in  a  manner  similar  to  that  shos  n  in  Figure  5-3(a).  Elec- 
I.ittiCL  i.ii- \A  broadeuiiig  ui  atiowed  energy  levels  by  phonon- olectron  interaction)  also 
affects  the  size  of  the  band  gap.  With  decreasing  temperature  there  is  less  interaction  between  the 
electrons  and  the  lattice;  th.s  results  tn  .laiiOv.ing  the  aiulIis  of  the  valence  and  conduction  bands, 
and  therefore  a  wider  band  gap.  The  net  result  of  the  two  effects  described  above  (electron- lattice 

_  i* 

imeraction  and  change  in  lattice  spacing)  Is  a  band-gap  change  of  4  x  10  “  ev/°C. 

5.2.1.  LEAD  SULFIDE.  Lead  sulfide  in  single-crystal  form  has  a  blue,  metallic  appearance 
and  «.  cubic  (sodium  chloride)  structure  (Reference  5-33).  It  melts  at  1114°C  and  has  a  S|>eciflc 
gravity  of  7.5.  The  primary  Impurities  found  in  the  natural  crystals  are  zinc,  copper,  and  silver. 

The  synthetic  crystals  are  plagued  with  nonstoichiometry  which  strongly  influences  the  electrical 
and  optical  properties;  however,  synthetic  crystals  with  resistivities  up  to  1  ohm-cro  (almost  the 
intrinsic  value'  at  room  temperature)  have  been  prepared  by  Scanlon  and  Lleberman  (Reference  5-18) 
by  growing  crystals  In  a  controlled  vapor  pressure  of  sulfur. 

Many  of  the  optical  and  other  physical  properties  of  this  material  are  reported  in  a  recent  IRIA 
publication  (Reference  5-34). 

5.2. 1.1.  Absorption.  The  long-wavelength  absorption  edge  of  lead  sulfide  has  been  determined 
by  Scanlon  (Reference  5-18)  with  hlgh-resolutlon  optical  transmission  measurements  on  very  thin 
crystals  (Figure  5-4).  For  present  purposes,  the  absorption  edge  will  be  defined  as  that  point  on  the 
absorption  curve  where  thpHslope  is  a  maximum.  The  edge,  according  to  Figure  5-4,  for  room-tem¬ 
perature  lead  sulfide  occurs  at  3.0  (about  0.4  ev)  with  a  corresponding  absorption  coefficient  of 
about  2000  cm  .  Since  the  spectral  response  ai}d  the  optical  absorption  are  related,  the  position  of 
this  edge  is  important.  In  fact,  it  lies  at  the  same  wavelength  as  the  single-crystal  pliotovuUaic- 
response  cutoff  and  the  polycrystal  photoconductive-response  cutoff,  indicating  that  these  responses 
arc  due  to  absorption  resulting  in  main-band  transitions. 

5.2. 1.2.  Refractive  Index.  In  1953,  Avery  (Reference  5-35)  determined  the  index  of  refraction 
for  lead  sulfide  in  the  wavcieuglii  leglun  bcyoim  the  absorption  edge  (a  >  j.u  il).  ihe  retractive  in¬ 
dex  was  found  to  change  with  the  type  of  material  and  variations  in  applied  oxygen  pressure  in  a  man¬ 
ner  not  cRsily  explained-  it  varied  linearly,  however,  with  changes  in  sample  temperature.  The 
temperature  dependence  is  illustrated  in  Figure  5-5. 
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crystals  of  PbS.  Thicknesses  of  the  samples  used  for  FIGURE  5-5.  VARIATION  OF  REFR.KCTIVE 

different  parts  of  the  curve  are  shown.  INDEX  WITH  TEMPERATURE 


5.2. 1.3.  Resistance.  The  dark  resistance  of  a  lead  sulfide  cell  Is  Independent  of  its  sensitive 
area  as  long  as  it  has  a  square  geometric  configuration.  Th's  is  true  since  the  resistance  is  defined 
as  =  f/owd,  where  (  Is  the  length,  w  is  the  width,  and  d  is  the  cell  thlcknSfs.  A  typical  detector 
made  specifically  for  room-temperature  operations  will  have  an  Impedance  value  of  ,1.0  megohm  at 
I'oom  temperature.  Upon  cooling,  the  impedance  will  increase  to  30  megohms  at  ory  ice  temperature 
and  60  megohrps  at  liquid-nitrogen  temperature.  The  impedance  can  be  controlled  during  the  manu- 
(actiirinK  process  (probably  by  controlling  the  amount  of  oxygen  scn.sitization)  within  the  range  of  1.0 
kohni  to  lOO  megohms  (Reference  5-36)  for  defectors  at  any  temperature.  A  wide  range  of  cell  im¬ 
pedance  can  also  be  ottalned  by  varying  the  cell  geometry  (varying  the  ratio  of  f/w).  The  Eastman 

3  T 

Kodak  Company  (Reference  5-37)  has  reported  an  impedance  variation  from  6  x  10  to  10  ohms  for 
ruom-temperature  cells.  Figure  5-6  illustrates  three  possible  cell  co.nfigurations  to  obtain  this 
.atitude.  Figure  5-G(a)  shows  the  geometry  of  the  conventional  cell  where  f  is  the  length,  w  is  the 
width,  a.;d  d  is  the  film  thickness.  The  cross  hatching  represents  the  gold  electrodes,  and  t.he  dark 
portion  is  the  sensitive  film.  The  ennfitr.iraf inn  in  Figure  5  6(i;)  leads  to  l,;gh  .ir,pec;a.iv.c=.  su.cu 
f  A  Conversely,  a  configuration  such  as  Figure  5-6(c)  results  in  low  impedances  since  w  f. 
One  of  the  problenis  incurred  when  using  cells  with  these  geometries  is  the  loss  of  a  portion  of  the 
energy  from  the  target  since  the  image  may  overlap  the  sensitive  area. 
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FIGUat  5-U.  PbS-CELL  CONFIGURATIONS 


The  cell  rcsistuiicc  is  also  a  function  of  the  level  of  background  illumination  incident  on  the  cell. 
This  dependence  has  been  determined  by  using  an  Elastman  f.odak  PbS  detector.  These  data  (Reference 
5  2)  arc  preoented  in  Flgtirc  5-7. 
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5,2. i. 4.  Noise.  Figure-?  5-8  and  5-3  show  the  noise  spectrutr  and  frequency  response  of  a  typical 
ri,-^  ceJJ  -A-mch  was  selected  as  representative  of  PbS  cells  in  general.  This  selection  was 
made  irotu  o.ie  ol  the  NOLC  (Naval  Ordnance  laboratory  Corona)  re.v'rts  on  PbS  (Reference  5-88). 


FREQUENCY  (cps) 


FIGUnt;  T-8.  TYPICA I,  RE LATIVE  RESPONSE  OF  E5S  KIUUHE  5-9.  TYPICAL  NOISE  SPECTRUM  OF  PbS 


The  noise  power  spectrum  appears  to  be  approximately  1 /(  (corresponding  to  a  nois--voltage 
1/2 

spectrum  of  approximately  1  'I  )  in  a  range  between  0  and  100  cps.  In  the  range  fiom  100  to  lOOO 
rps  G-R  noise  predominates,  and  beyond  4000  cps,  the  major  contributor  is  Johnson  noise. 


If  both  the  freque.icy  response  and  the  noise  .spectrum  are  examined  simultaneously,  it  may  be 
noted  that,  if  the  vhuppuig  frequency  is  in  tiie  1/1  region  ol  tne  power  spectrum,  the  relative  response 
of  the  t:*;!!  u'  Rt  a  niaximuni^  TIig  cgH  still  yivids  (TJHXiniuiTi  r63p0iiS€*  if  iiitr  ohuppin^  irGciuenc^r  is 
increased  to  approximately  150  cps  where  generation-recombination  noise  begins  to  dominate.  If  one 
attempts  to  chop  in  a  region  where  Juihnson  noise  is  limitiiig,  beyond  4000  cps,  l.he  relative  response 
will  have  decreased  tiecause  of  time-cunstant  considerations,  and  the  signal-tu-iiuise  ratio  will  have 


dropped  .Sign'l .caiitlv.  It  appears  from  the  foregoing  discussion  that  one  -would  hope  to  obtain  a  maxi¬ 
mum  signal-to-noise  ratio  by  chopping  at  frequencies  just  lieyond  the  1/f-noise  region,  where  the 
noise  has  decreased  significantly  and  the  cell  still  yields  maximum  response.  The  optimum  c.hoppir.g 
fr.-nuc  cy  may  oe  deternuned  by  ploUing  NEP  or  detpctivity  as  a  function  ot  chopping  frequency. 
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by  Molitor  et  ?l.  (Iteferences  5-2  to  5-5).  These  results  indicate  that  the  nnisp  voltage  in  PbS  is  con- 

-5  -.a  2 

slant  for  hackerouiid  til'jmination  levels  tro.T.  10  to  4  x  10  watt/cm  . 


5.2. 1.0.  Immersion.  Several  manufacturers  have  reported  successful  immersion  of  PbS  films 
(Fiirure  5-10).  Infrared  Industries,  Inc.,  has  available  PbS  detectors  immersed  in  eithei  sapphLre  or 
strontium  titanate  which  allow  temperature  cycling  fhom  -  196°C  to  100®C,  Implying  that  temperature 
charges  in  this  region  will  not  seriously  effect  the  cell  characteristics. 

Tne  Eastman  Kodak  Company  is  presently  using  Kodak  selenium  glass  and  "other  materials" 
(presumably  SrTiO^  or  pressed  compacts  of  the  Trtran  series)  as  immersion  materials.  These  lenses 
are  available  with  radii  ranging  iroai  2.5  to  13  mm.  (Note  Appendix  B  on  immersion  techniques.) 


5.2. l.f..  Radiation  Effects.  The  effects  of  nuclear  radiation  (gamma,  fast  neutrons,  and  protons) 
on  PbS-detector  parameters  have  been  studied  by  several  researchers  i References  5-6  through  5-11). 
A  Bum.nary  of  the  recent  measurements  by  Billups  and  Gardner  (Reference  5-11)  is  presented  in 
Figure  5-11.  Their  work  was  directed  towards  recreating  the  environment  believed  to  exist  In  the 
Van  Allen  radiation  belt  (References  5-39  and  5-40).  Radiations  of  7.5,  133,  and  450  Mev  were  used 
in  the  experiments.  Changes  in  the  parameters  of  responsivity  and  resistance  were  observed  as  a 
function  of  total  flux  dosage  (Integrated  flux);  the  results  are  presented  in  Figure  5-11.  Integrated 


riCfRF  5-10,  IMMKK.SFI)  I’bS 
KII.M 


FIGI  RK  .5-11.  rfl  MMARY  Of-  DATA  ON  THE  EFFECT 
OF  Nl  Cr.EAK  t  LI'.X  ON  Pb.S  CHAKACTEKISTICS. 
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f’uxe-^  of  10  coriebpoiui  io  2  years  ir.  the  heart  .-f  the  Vnn  AUo”.  ba'-t.  It  -.vas  found  that  ceils  vchose 
re-sponsn  Uies  degraded  bv  50%  nr  lesK  re-novered  rapidly  (In  ,t  matter  ol  hours).  For  degradations 
iaiger  than  this  t'le  recovery  time  is  ionrer. 

S.2.1.7.  Detectivity.  Over  the  past  nine  years,  NOLC  has  disseminated  a  large  amount  of  data 
on  the  photoelectric  pr  operties  of  photocondoctive  detectorc  (a  ;ev-  detectors  of  tiie  photovoltaic  and 
phoiucieciroinagnetic  type  have  also  been  reported)  v.’hich  have  been  constructed  from  a  large  variety 
of  materials.  The  detectors  used  ir.  these  measiire.mcnts  were  sent  to  NOLC  from  the  cell  manufac¬ 
turers.  They  represent,  in  some  cases,  the  contractor’s  best  effort  at  that  time,  and,  in  others,  the 
average  detector  from  a  large  batch.  The  room-temperature  PbS  data  reported  since  1956  w'ere  used 
statistically  in  this  section.  Slightly  over  100  cells  are  represented  in  this  statistical  study.  The 
results  are  shown  in  Table  5-2  and  Figures  5- '2  and  5-1-2.  These  presentations  are  described  in¬ 
dividually  hrldw. 


FIGITIE  .3-12.  HISTOGRAM  OF  O*  VALUES  FOR  PbS  DETECTORS 

Table  5-2  contains  a  list  of  all  the  reports  from  which  the  data  were  obtained.  Included  in  the 

table  are  the  pertinviit  cell  parameters  along  with  the  name  ol  the  cell  manufacturers  and  a  icierence 

to  the  report.  For  example,  the  first  line  presents  the  parameters  from  39  cells  manufactured  by 

2 

IRI  (Infrared  Industries,  Fnc.).  .Ail  of  these  ceils  had  sensitive  areas  of  25  mm  .  The  average  value 
of  .NtiP,  1.  dark  |■esl.sta.•!!_■^^  cell  ternperaiure,  wavelength  of  peak  detectivity,  ceil  noise  voltage,  and 
cell  current  are  g'veii.  The  .standard  deviations  from  the  aver.age  values  are  also  given  fur  each 
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FIGURE  5-13.  ABSOLUTE  SPECTRAL  RESPONSE 
OF  PIxS  CELLS  AT  300°K 


parameter  to  indicate  the  spread  of  values.  Two  cells  Irom  NOLC  Reports  No.  397  and  400  were 
omitted  from  the  study  because  their  rharar-tertsttcE  deviated  srcatly  rn.mi  ihe  rest  of  the  cells.  The 


time  consi tilts  were  determined  by  shinini;  a  souare-wave  miise 


ic  ecu  anu  uecermiiiing 


ihe  length  nf  time  u  ’uuk  the  signal  voltage  to  reach  63  o  of  its  maximum  value.  In  the  last  line  of 
the  laiile  Cie  tune  constant  is  listed  as  T-effective  (the  effective  time  constant).  This  i.s  determined 
!:v  .observing  the  cell  respuiise  as  a  function  of  chopping  frequency. 
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rii^uitr  1;"  .a  a  iii3ioj;;a:r.  o;  £)•  ^.v  ,  00,  1)  vaiuta.  ihc  data  lar  th;s>  hialj^fau.  'Aei  c-  ubiaiiied 

pK 

from  the  ropui  ts  enumerated  in  Table  5-2.  The  theoretical  li.mit  of  detectivity  is  included  for.  com- 
pavvcnn.  Thi-^  value  A-as  deiprniined  by  using  the  theoretical  limit  of  NEP  for  room  temperature 
cells  determined  by  Smith,  .Jones,  aisd  Chasmar  (Reference  5-!).  The  calculations  were  made  for  the 
ijackgrouiid-limited  case  (i.e..  detectr.rs  whose  noise  limitation  is  due  to  the  random  arrival  of  back- 
ciouiid  phAtoiio,'.  U  13  iiiiei estiiig  to  note  that  several  detectors  (filler  from  this  theoretical  limit  by 
a  factor  of  only  10.  The  mean  value  differs  from  the  theoretical  limit  by  a  factor  of  25,  which  in¬ 
dicates  that  the  state  of  the  art  is  good.  The  mode  or  D*  (X  .  ,  90,  1)  value  which  occurs  most  fre- 
10  1''2  -1 

quently  is  4.3  x  10  cm  •  cps  watt  .  Today,  all  major  PbS  cell  manufacturers  guarantee  a  de¬ 
tectivity  of  around  10^^  cm  -cps^  ^  -watt  and  they  will  provide  celjs  with  higher  detectivities  at 
extra  cost. 

The  theoretical  limits  of  D*  as  determined  from  Smith,  Jones,  and  Chasmar  generally  require  ' 
some  modification  in  order  to  make  comparisons  with  the  D*  values  of  actual  cells.  An  e.xamination 
of  their  analysis  shows  that  the  parameters  are  cell  temperature;  A^,  the  wavelength  of  peak  response; 
A^,  the  wavelength  where  the  response  is  down  50%;  and,  Aj,  the  wavelength  where  the  response  is  down 
dawn  to  1/ 100  of  its  peak  value.  For  lead  sulfide  detectors  at  room  temperature,  Smith  et  al.  chose 
2,5  a  for  the  wavelength  of  maximuin  response  (apparently  based  on  sopne  early  data  ol  Moss), 
whereas  2.1  a  would  be  a  more  lealistic  choise  based  un  the  average  of  100  ceils.  The  shift  of  0.4  p 
to  shorter  wavelengths  will  increase  the  value  of  D*  theoretical  limit  because  a  smaller  number  of 
room -temperature  photons  are  involved  in  producing  generation- recombination  noise. 

Petritz  (Reference  5-41)  has  computed  the  detectivity,  as  a  function  of  energy  gap  and 

long-wavelength  limit,  A^,  defined  by  E  -  hc,/A^.  Although  his  calculation  assumes  that  the  spectral  ■  . 

response  terminates  abruptly  at  A^,  his  D*  values  are  only  about  a  factor  of  2  higher  than  those  of 

Smith  et  al.,  provided  Smith's  A  is  used.  Thus,  from  Smith’s  table  with  A  =  2.5  u  and  A  =  2.9  u. 

rr,  '  o 

e.11  1'2>1  12 

D*  =  6.7  X  10  cm -cps  -watt  .  From  Petritz 's  curves  with  A  =  2.9  p,  D*  =  1.4  x  10  cm- 
i '  2  - 1 

cpb  •  watt  .  The  change  in  D*  with  long -wavelength  limit  should  be  the  same  by  either  analysis, 

although  detailed  calculations  bv  Smith’s  method  have  not  been  done  with  A  =  2.5  u.  From  the 

o 

a •  cra^c  *  value  curve  fui'  100  ceilb,  A  -  2.1  '*  anu  A  =2.5  Fri>ni  Petritz's  cui've 

m  '  L>  ■ 

DMA  -2.5) 

The  sluue  of  llie  lu.ig-wavelength  tail  in  Smith's  analysis  is  determined  by  the  values  of  A  and 
Il  .inp.-.u.-  Ih.it  Ihe  experimental  curves  ol  Figure  5-13  have  a'luut  the  same  slope  as  the  theorct- 
Ii-.il  i-nr'.e.  I:,  ;in!er  to  oiit.iin  .i  ;■  onipari.vjii  with  the  exiieri mental  curves,  it  seems  reasonalde  to 
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:i'M  !■  lhat  Siijith's  curve  should  be  shifted  0.4  u  to  the  leit,  and  there  the  ordinates  should  be  multi¬ 
plied  by  the  factor  2.5. 

A.  tea.  mot  e  reuiarks  retrarding  the  -slope  of  the  long-',vat'elength  tail  seem  appropriate  -since  an 
examination  of  the  spectral  response  curves  of  PbS  cells  made  iiy  different  manufactui ei  s  s.hows 
considerable  difference  in  the  slope.  It  is  well  known  that  the  long-wavelength  tail  of  the  spectral 
response  curve  mav  be  renresentoH  m.  ?_  expOiicuiiai  function  ot  A. 

S(A)  =  const  exp  [a(A^  -  A)1 


The  logaritlim  of  S  is  generally  plotted,  which  yields  a  straight  line  with  slope  a.  In  Smith's 
analysis  a  was  established  by  the  experimentally  determined  values  of  and  Aj.  In  order  to  com¬ 
pare  actual  cell  detectivity  with  the  theoretical  limit  for  a  given  material,  say  lead  sulfide,  the  e.x- 
perimental  values  of  A„  and  A.  should  be  determined,  and  3  calculation  similar  to  that  of  Smith  et  al. 
made  to  determine  the  D*  t.hcorcticai  limit,  provided  of  course  that  these  wavelengths  differ  from 
those  of  -smith.  Then  slope  a  lor  IW  and  ECA  (Electronics  Corporation  of  America)  PbS  cells  Is 
flatter,  at  leas!  in  recent  years,  than  those  of  other  companies.  At  longer  wavelengths,  the  D*  values 
for  these  ceiis  in  some  cases  exceed  the  theoretical  limit  unless  the  Smith  calculation  is  modified. 

Figure  5-13  presents  for  comparison  D*  (A,  90,  1)  as  a  function  of  wavelength  of  the  theoruf  'tal 
limit  of  D*,  the  maximum  value  of  the  109  cells  used  in  the  study  described  aixive,  and  the  average 
value  from  the  same  study. 

Figure  5-14  is  an  interesting  plot;  it  illustrates  the  detectivity  of  rooni-lemperature  lead  sulfide 
cells  measured  by  NOLC  since  1951.  Each  data  point  represents  the  D*  and  vintage  of  one  cell.  The 
points  are  highly  scattered,  and  consequently  few  inferences  cAn  be  made.  However,  the  figure  docs 
illustrate  the  results  of  the  PtiS  effort  'n  that  time  interval.  The  theoretical  limit  of  D*  is  included 
for  comparison. 

'Vhen  judging  the  products  of  various  maniifacturers,  more  than  one  photoelectric  property 
-should  be  considered  at  one  time.  For  example,  cell  detectivity  may  be  increased  and  dark  resis¬ 
tance  decrea.sed  at  the  sacrifice  of  time  constant,  or  vice  versa.  Most  manufacturers  today  are 
■liiie  lo  con.struct  these  cell.s  at  eit.her  sxtrc.aie.  This  may  be  illustrated  by  noting  in  Table  5-2  that 
the  Eastman  Kodak  cells  have  a  higher  D*  value  by  a  factor  of  approximately  4  than  the  others;  how- 
i-vcr.  the  average  time  '.onslant  of  these  cells  i.s  longer  than  ihe  time  constant.s  of  the  other  celi.s  by 
-1  l-u  i'ii  - -i  -1-  This  phcnumeiioii  has  been  olist-rved  liy  a  number  of  rr-scarchers  m  the  iieid  and  was 
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first  reoortofi  by  McAlister  (Referer.ee  o-42).  He  noted  that 


"herv  ■  is  tiie  tirne  constant,  S  is  Jonts'  S,  and  C  is  a  3  ss  ueiiiit-d  < 


-  K  NEP\f 

3  =—=r-i= 
v'AvAf 


where  f  is  the  chopping  irequency  sod  Af  the  bandwidth.  D*  is  a  better  measure  of  detectivity;  it  is 

i,'ivcn  t;y 


then, 


vAvaf 
'  NEP 


and  finally 

■1. 


constant 


Since  the  chopping  frequency  is  always  90  cps  for  MOLC  data,  may  be  Incorporated  in  the  constant. 

It  should  be  noted  that  evaporated  types  such  as  the  French  cells  of  Table  5-2  sfew  shorter  time 
rnnstants  at  room  temperature  than  those  prepared  by  chemical  deposition.  Evaporated  types  which 
show  poor  long-wavelengtli  response  but  which  have  time  constant  of  SOpsec  or  less  are  widely  used 
in  sound  reproduction  and  ii.  near-infrared  communication  systems. 

All  the  cell  properties  presented  in  Table  5-2  are  functions  of  temperature.  A  typical  time  con¬ 
stant  for  room -temperature  lead  sulfide  films  is  around  500  psec.  This  value  increases  to  5000  nsec 
when  the  ceil  is  cooled  to  liquid-nitrogen  temperature.  The  D*  value  increases  at  roughly  the  same 
rate.  Cooled  FbS  detectors  were  not  treated  statistically  in  this  report  since  the  data  were  meager. 
However,  typical  time  constants,  resistances,  and  D*  (A,  90,  1)  ar  presented  in  Section  5.1.  East¬ 
man  Kodak  has  reported  a  production  PbS  detector*  which  exhibits  a  time  constant  of  9  psec  with  little 
s.nrnfice  in  peak  D*  at  room  temperature.  These  extraordinary  cells,  however,  have  extremely  un- 
.sta-ile  .hanuieristics. 


2 

Private  e  minninirations  with  George  Koch  ol  .Castman  Kodak.  Comnany. 
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I-  '  prp.-eiited  ah. 


wiif  iiug^ht  siiy  that  PbS  has  an  advanced 


state  of  the  ^rt  ^nd  th;)t  little  inftnmvckmi:knt  Ka  Avr«o/«fAH  in  tKn  n«ot>  r.t 

*•  . . . -w  ll*  ».**w  ••  V.W4  S  n  , 

in  provcrnnnt  is  needed  in  other  icispects  if  this  cell  is  to  be  the  mainstay  in  the  1-  to  3-^  region. 
These  improvements  should  include  stability  of  cell  characteristics,  shorter  time  constants,  better 


OOn  c  i  ti  1.  i 


-  «  i  C-|J1  t.»UUt  lUllliy  . 


Stability  to  cell  environments  was  a  problem  for  room-temperature  cells  in  the  early  1950's 
fHefereiice  5-43).  The  water  and  oxygen  in  the  aii  was  absorbed  by  the  cell,  thereby  altering  the 
photoelectric  properties  drastically.  This  problem  has  been  overcome  somewhat  by  isolating  the 
detector  surface  from  air  by  cementing  a  cover  glass  to  the  surface,  applying  a  lacquer  coating,  or 
enclosing  the  detector  in  a  potting  compound.  Subility  of  the  characteristics  in  cooled  PbS  cells  is 


still  a  problem.  Cells  which  &i‘e  mounted  in  an  evacuated  dewar'have  a  tendency  to  outgas  the  oxygen 
ami  therefore  alter  their  characteristics  (since  dark  resistarice,  D*,  aiiu  uiher  photoelectric  proper¬ 
ties  depend  on  the  degree  of  oxygenation).  This  cannot  be  solved  as  easily  as  the  room-temperature 
stability  problem,  since  potting  compounds  and  lacquer  coatings  also  outgas  and  eventually  conUiii- 
Inate  the  dewar  vacuum.  Since  room-temperature  PbS  cells'  are  used  primarily,  this  probleni  may 
be  overlooked. 


ii 

II 

Since  long-time-constant  detectors  are  not  adequate  in  systems  where  high  information  capac¬ 
ities  are  required,  such  as  rapid- scanning  devices,  Eastman  Eodak  and  others  have  been  concerned 
with  decreasing  the  time  constant  without  degrading  the  detectivity. 


1  he  iionuniformitv  ol  response  across  the  sensitive  surface  is  als.j  a  problem.  To  illustrale 
this,  typical  sensitivity  contours  are  displayed  in  Figure  5-15  (Reference  5-44).  The  numbers  ap¬ 
pearing  in  the  figure  represent  the  relative  response  values  for  the  areas  enclosed  by  the  contour 
lines.  These  sensitivity  contours  were  selected  from  NOLC  reports  and  to  the  authors'  knowledge 
closely  represent  the  average  chemically  deposited  and  evaporated  PbS  cell. 


On  the  other  hand,  since  these  detectors  are  constructed  by  depo. siting  sensitive  films  on  non¬ 
conducting  surfaces,  it  is  apparent  that  many  geometrical  configurations  are  possible,  and  in  fact 
this  is  the  ca.se.  _  Geometries  such  as  linear  arrays,  mosaics,  spherical  substrates,  annular  sensitive 
areas,  and  many  others  are  available  from  manufacturers  today.  In  view  of  this,  and  the  fact  t.hat 
p.ii  .lineters  such  as  N.EP,  .,  and  resistance  may  he  tailor-made  to  fit  the  system  (though  at  the  ex¬ 
pense  of  other  parameters),  one  can  say  that  this  detector  is  quite  versatile. 
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Laboratories,  Inc. 

2.  Cc!itir..-i<ir.’  Eloctroiiic  Company 

3.  Eastmaii  Kodak  Company 

4.  Electronics  Corporation  of  America 

5.  Gejjeral  Electric  Company 

6.  Infrared  [i  dustries,  Iiic. 

7.  Santa  Barbara  Research  Center 

8.  Minneap.'lis-Honeytvcll  Regulator  Company 


PbS  CELLS,  (a)  Evaporated,  (b)  Chemically  deposited. 

Foreign  Manufacturers 

1 .  Admiralty  Research  Laboratories 

2.  British  Thompson-Houston  Company 

3.  Electro  A.  G.  Zurich 

4.  Soclete  Anonyme  de  Telecommunications 

5.  MiUlard  Electronics  Products,  Ltd. 

6.  Observatory  of  Paris 

7.  Services  Elecironics  Research  Establishment 

8.  Royal  Radar  Establishment 


W 

FIGURE  5-15.  SENSITIVITY  CONTOURS  OF 

A  list  of  PbS-detector  manufacturers  is  gi’-  'n  below. 
U.  S.  Manufacturers 
I .  Bulova  Research  and  Development 


3.2  2.  LEAD  SELE.N'IDE.  Crystalli.ne  lead  seienide  has  a  shiny,  gray  appearance.  It  is  found  in 
nature  iii  the  form  of  small  single  crystals  called  clausthalttc.  Its  structure  is  that  of  rock  salt  with 
a  binding  belifvfd  to  be  p...rtia!ly  lomc  and  partially  covalent.  Solid  lead  sflenide  melts  at  10G5"C'. 

It  has  a  density  oi  8.1  g  cc. 


94 


CONFIDENTIAL 


Institute  of  Science  nnd  Tedmology 


CONFIDENTIAL 

T'Se  Univeriitjr  or  Michlgaf! 


5. 2. 2.1.  Absorption.  The  room  temperature  alisorption  spectrum  of  lead  selenide  has  been  deter¬ 
mined  by  Avery  (Kelerence  5-.35)  by  measuring  the  reflection  coefficient  of  single  erystalo.  Gibwon 
("cfj-i  e  ice  5'jl)  a-.d  Scanlon  and  Lieberaian  {Reference  5-18)  determined  the  absorption  spectrum  at 
various  temperatures  using  transmission  measurements  on  single  cryslals.  The  results  are  presented 
lii  figure  a-i6.  Thi?seuata  indicate  that  the  absorption  edges  for  this  material  at  rctoirt,  dry-ice,  and 
liquid-nitrogen  temperatures  are  located  at  5.0  p,  and  7.0  u,  reapectivelv. 


WAVELENGTH  (u) 

FIGOrI  5-16.  ABSORPTIO.'I-COEFFICIENT  MEA3- 
WREMEN'i'S  ON  PbSe  CRYSTALS 

5.2.2  2  Refractive  tndcA.  Values  oi  the  refractive  index  and  the  real  and  imaginary  parts  of  the 
dielectric  constant  have  been  determined  by  Avery  (Reference  5-45).  He  shows  that  the  index  of  re¬ 
fraction  varies  from  about  3.5  to  4.5  in  the  region  of  1.0  p  lo  2.2  p,  and  from  4.5  to  4.6  In  the  region  of 
2.2  p  CO  3.5  p. 

5. 2. 2. 3.  Resistance.  The  dark  resistance  of  the  detector  i.ncreases  as  the  cel!  temperature  de¬ 
creases:  it  is  also  dependent  upon  the  amount  of  oxygenation  the  film  receives  during  preparation. 
Roon-temperature  evapor.ireU  cells  v.;th  squaie  geometric  configuration.s  have  dark  resistances  of 
around  I  nu  gohm.  while  the  room-temperature  chemically  deposited  detectors  have  resistances  of 
around  50  kohm.  When  the  chemically  deposited  detectors  are  cooled,  the  resistance  bicreases  from 
2  'o  30  megohms. 
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Just  as  in  t»e  case  of  PbS,  PhSe  cells  may  bo  constructed  in  a  wide  raiijie  of  geometrical  conf!fji,Ta- 

tions  to  furnish  a  latitude  in  resistances  for  different  applications.  The  resistance  is  also  a  function 

of  tne  level  of  uackground  iliuminatlon  as  In  the  case  of  PbS.  On  a  log-logplot  (cell  resistance  versus 

-  4  2 

background  flux  density)  the  ■■esistance  falls  from  30  roego.hms  at  a  background  level  of  10  watt.''cm 

. -2  2 

lu  (V  1  esisiauce  of  iO  inegoliins  at  a  uackground  iev'ei  of  10  watt/cm  .  The  data  are  presented  in 
Fiinjre  5-17.  The  background  flux  reported  includes  only  those  quanta  which  pmoduce  charge  carriers 
via  Liand-to-hand  transitions. 


5. 2. 2. 4.  Noise.  Evaporated  room -temperature  PbSe  cells  have  a  noise  spectrum  similar  to  that 
shown  in  Figure  5-18  (Reference  5-14);  1/f  noise  dominates  at  frequencies  below  100  cps.  In  the  Ire- 


10^  10^  10^ 

FREQUENCY  (cps) 

FIGl'RE  5-18.  NOISE-POWER  SPECTRUM  OF  AN 
EVAPORATED  PbSe  PHOTOCONDT:CTOR 
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qu. :;;t  v  ranci-  of  !00  cps  to  around  10^  ops  the  Umiung  lioise  is  caused  oy  the  random  generation  and 

rccGrnbi;;,iUuii  of  charge  rarriere  induced  by  the  thermal  agitation  of  lattice.  At  frequencies  above 

..3  ■  , 

lu  cps  Juniison  noise  dominates. 

In  Ulc  region  ot  u-K  (generation-recombination)  noise  the  S/'N  ratio  is  independent  of  frequency, 

ei  ei!  though  at  the  high-frequency  end  of  the  G-H  region  the  absolute  value  of  the  noise,  and  ewnai. 

voltages  may  be  decreasing.  This  is  true  because  the  noise  and  signal  liave  sisiilar  frequency  de- 
.1 

pendencies. 

■i  ' 

In  the  case  of  chemically  deposited  cells  the  noise  speclrum  Is  similar  to  that^n  Flgdire  5-18;  how¬ 
ever.  at  the  lower  frequencies  the  decrease  in  noise  power  is  less  rapid  than  1/f. 

As  the  cell  temperature  is  decreased,  the  total  noise  power  across  the  spectrum  decreases,  but 
the  limiting  noise  mechanisms  in  the  different  frequency  regions  remain  the  same.  There  might  be 
u  jlight  chaugc  ui  die  frequency  at  which  each  becom.es  dominant. 

•N'oise  in  PbSe  detectors  is  also  a  function  of  the  level  of  background  illumination.  The  total  noise 

power  at  90  cps  was  determined  as  a  function  of  background  illumination  level  (References  5-2  to  5-5). 

“3  2 

This  noise  power  was  fuund  to  be  constant  tor  background  illumination  levels  up  to  10  watt/cm  ;  and 
for  higher  Illumination  levels  the  noise  power  increased  slowly. 

:| 

5  2.2.5.  Immersion.  Optical  gain  by  immersing  the  detector  in  a  material  with  high  index  of  re¬ 
fraction  has  been  obtained  by  SBRC  (Santa  Barbara  Research  Center).  The  material  they  use  is 
strontium  titanate.  The  ceil  material  is  actually  deposited  upon  the  planar  surface  of  the  hem.isphere 
(see  Appendix  B). 

5.2.2. 6.  Detectivity.  As  in  the  case  of  PbS.  data  presented  in  the  NOLC  reports  have  been  used 
slaltsiicaiiy  in  uiis  study.  Table  5-3  is  a  comprehensive  chart  which  lists  the  reports  from  which  the 
data  were  taken.  Also  included  in  the  table  are  the  various  pertinent  parameters  which  describe  a 
detector.  For  example,  the  first  line  in  the  table  tells  something  alxjut  the  16  SBRC  detectors  which 
appeared  in  NOLC  Report  No.  398,  December  1957.  The  average  value  of  ",  D*.  NEP,  cell  noise  volt¬ 
age.  d.  ’-k  resistance,  and  other  parameters  are  listed  along  with  their  standard  deviation. 

When  cnnsidcrir.g  the  application  of  statistics  to  PbSe,  one  tinds  it  necessary  to  treat  the  following 
kinds  of  cells  individually. 

ill  Kvnpor.iti  d  i'bSe  t liquid -nitrogen-cooledi  (3)  Evaprirated  PhSe  (unc'.’okd) 

'  ''n.  ntivally  d;  posit-,  d  Pbde  iiiquid-nitrogtn-cuoled!  <  i)  Chemically  depo.siteri  Ph.S'e  (uncooled) 
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These  cells  .ire  treated  j:i  groups  as  described  abovi.  because  ol  tlie  considerable  difierence  in  peak 
D-  and  spectra' -response  characteristics  among  the  different  detector  types.  The  average  value  of 
D*  np.,  1;  aiid  iiiaxiiiiuin  value  oi  D-.(x,  90,  1)  are  presented  in  figures  b-ia  to  b-Sli).  The  ttieoral;- 
icai  iimii  ot  aetectivity  lassuming  the  noise  limitation  Is  due  to  die  random  arrival  of  background 
photo:', s)  is  also  included  for  comparison.  These  theoreiical  curves  were  obtai.ned  by  determir.i.ug  the 
threshold  wavelength  O.^)  in  each  case  and  reading  off  the  peak  D*  value  from  Figure  5-1.  A  spectral 
response  .similar  tn  the  measuriiii  vecTv.jnee  woe  then  drctm  such  that  ita  locus  pas 'icd  through  the  dc 
termined  theoretical  peak  valulf.  The  resulting  curve  is  acceptable  for  comparative  purposes;  how¬ 
ever,  It  Should  be  emphasised  that  t.he  theoretical  peak  value  was  determined  originally  by  assuming 


FTvCiTSF  V-to.  VpsriT  tTF  SPFrTHAI.  RKSPONSF,  OF 
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FIGURE  5-21.  ABSOLUTE  SPECTRAL  RESPONSE 
fiF  rHKMtCAT.IA'  DEPOSITED  PbSc  CELLS  AT80'’K 


WAVELENGTH  ifi) 


FIGURE  5-22.  ABSOLUTE  SPECTRAL  RESPONSE 
OF  EVAPORATED  PbSe  CELLS  AT  300° K 


a  saw-tooth  conliguratlon  of  the  response  curve.  The  data  used  in  this  sectlnn  are  those  reported  by  , 
NOLC  after  1956. 


Figure  5-19  preseins  the  results  from  these  calculations  on  six  cells  of  the  evaporated  PbSe 
lii)Uid-i\itrogpn-cooled  type  along  with  the  theoretical  limit  of  detectivity.  The  results  are  quite  Iriter- 
estnn;.  The  striking  feature  is  the  lack  of  long-wave  length  response.  The  intrinsic  band  gap  at  80°  K 
IS  ab'.mt  0.18  ev,  which  indicates  a  long-wavelength  threshold  of  about  7  ,i.  In  Figure  5-19  the  long- 
wavi  length  threshold  i.s  4  i\  _A  probable  c.apla.-.atiGn  foi  tins  uiaci  epency  is  tnat  these  evaporated 
iii.Tis  are  prepared  extremely  thin  to  provide  a  high  signa!-to-noise  level,  and, as  a  result,  these  thin 
cells  tran.smit  the  radiation  beyond  4,6  .i.  Experimental  work  at  Eastman  Kodax  confirms  this  depend- 
t  lay.  iiowt  \er.  ir.aications  arc  'hat  the  problem  is  much  more  complex  (Reference  5-46). 
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figure  5-2:  p;-esei  ts  the  results  Ironi  2d  i-ells  oi  the  liquid -nitrogen -ccoled  cheniiciUy  deposited 
type.  Here,  the  departure  of  peak  D*  from  the  theoretical  limit  is  larger  than  that  observed  in  the 
pri-vi  ti^u; out  tjyj  long-wavelength  limit  occurs  at  a  wavelength  of  about  6  u,  in  coi.trast  to  the 
limit  of  4.S  't  r’vhihjrnd  >>'.•  th-ir*  r*-D,^-->ratvd  t'OU..tcrpaids. 

The  results  for  room-temper^.ture  chemically  deposited  and  room-temperature  evaporated  PbSe 
detectors  are  presented  in  Figures  5-20  and  5-22.  Here  we  see  again  a  difference  tn  the  long-wave¬ 
length  limit  of  response. 

II 

It  is  interesiiiig  to  observe  the  progi  e.ss  which  was  made  over  the  years  (since  1951)  in  the  de¬ 
velopment  of  these  detectors.  A  plot  of  all  the  data  reported  by  NOLC  in  that  time  interval  is  pre- 
.sensed  in  Figure  5-23.  Each  ipoint  represents  the  peak  D*  value  for  one  detector  and  its  vintage. 
Although  the  data  points  are  highly  scattered,  it  seems  apparent  that  liquid-nitrogen-cooled,  chem¬ 
ically  deposited  cells  have  not  shown  much  improvement  in  peak  D*  (however,  improvement  has  been 
made  in  the  way  of  reduced  aging  effects,  higher  production  yields,  etc.}.  The  same  comment  might 
be  made  regardi-ng  room -temperature  evaporated  eeils.  However,  it  shouiti  be  pointed  out  that  the 
spectral  response  in  the  case  of  early,  uncoolcd,  evaporated  cells  was  similar  to  that  in  Figure  5-24, 
whtsre  the  peak  D*  occurs  somewhere  in  the  spectral  region  below  1  m,  and  so  the  peak  D*  value 
ploited  (or  ihese  early  years  must  be  used  with  care. 

On  the  other  liand,  uncooled  chemically  deposited  cells  and  liquid-nitrogen-cooled  evaporated 
cells  have  been  improved,  as  indicated  in  Figure  5-24. 

Detectors  with  limited  fields  of  view  (employing  cooled  shields)  are  available  from  Santa 
Barbara  Research  Center.  The  effect  of  limiting  the  field  of  view  Isito  |ldcrea8e  the  D*  value  as 
described  in  Chapters  3  and  4.  Tho  amount  of  Increase  depends  on  both  the  amount  of  change  In 
field  of  view  and  on  the  percentage  of  the  total  detector  noise  which  is  caused  by  random  fluctuations 
in  photon  arrival.  .At  high  chopping  frequencies  (about  lOOO  cps)  and  at  ik|uid-iiitrogKii  temperatures, 
the  delector  it>  limited  mainly  by  genersttion-recombinatlon  noise,  with  the  majority  of  this 
G-R  noise  beiiit;  caused  by  the  background  irradiance.  The  relationship  of  D*(500®K, — ,  1)  to  the 
detector  field  of  view  is  presented  in  Figure  5-25. 


Recently  ^BRC  has  anmiuiiced  the  development  of  d  dry-ice-cooled  PbSe  cell  winch  has  d  peak 
detectivity  comparable  to  the  liquid-nilrogen-cooled  cell.  The  cutoff  wavelength  of  this  detector  is 
thar;  that  of  ihv  liuoid  wt  li  due  die  bi  uaueiung  oi  the  uano  gap  witn  increased 

t:  nipt  jrt .  The  dry-ict  ct  h  cult  off  ul  ab^ul  5  ,i,  while  ihc  liquid-nilrogen  cell  tias  a  detectivity 
ON’endinc  to  S<’*>fra!  t‘f  thes»:  dry-ice-ci*’:.jled  cells  have  been  measured  at  Syracuse  University 

fF*  f« n  ir  t  5  47(.  Th»  r-p*  «  (r.il  r*.  l-;;  m  pr(i.-!.nt(d  in 
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FIGURE  5-26.  D*  FOR  A  6-^l  LONG-WAVELENGTH 
CUTOFF  BACKGROUND-I.IMITED  PHOTOCONDUC- 

FTOURE  5-24.  SPECTRAL  RESPONSE  OF  EARLY  TIVE  DETECTOR  AS  A  FUNCTION  OF  THE  FIELD 
PbSe  CELLS  OF  VIEW 

IRI  fias  increased  the  liquid-nitrogen  PbSe  response  for  wavelengths  shorter  than  two  microns. 
However,  the  details  of  how  this  was  done  were  not  available  at  the  time  of  this  writing.  Figure  5-27 
presents  till.-  D’(A,  90,  1)  lor  two  such  cells. 

The  manufacturers  of  PbSe  detectors  are  listed  below. 


U.  S.  Manulacturers 

1.  .Avion  .Flectronics  Division,  ACF  Industries, 

Il:c. 

2.  Eastman  Kodak  Company 

3.  Infrared  Industries,  Inc. 

4.  Lil)rascope,  inc. 

h.nil.i  ItirLura  Htsearcii  Ci-nler 


Foreign  Manulacturers 


1.  Admiraltv  Research  I.almrarory 

2.  Snriete  Anonyme  de  Teleconimunieatioiis 

3.  Mullard  Electronic  Products,  Ltd. 

4.  The  Ple-ssey  Company 

■S.  Rov.'l  Po.d.ir  F.:.T:i!.!i.slwii[  111 
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1  2  3  4  5  6  I 

WAVELENGTH  (n) 

FIGURE  5-2ti.  TWO  SBRC  PbSe  DETECTORS  AT 
190°  K 

5.2.3.  LEAD  TELLUKIDE.  Lead  telluride  is  found  in  nature  in  the  form  of  email  single  crystals 
called  alUile.  These  .natural  trysUls  have  a  white  appearance,  a  cubic  (sodium  chloride)  structure 
(page  546  of  Reference  5-33),  a  density  of  8,16  g,(cc,  and  a  melting  point  of  912° C. 

5.2.3. !.  Absorption.  The  infrared  absorption  specti  um  of  lead  telluride  has  been  determined 
by  Gibson  (Reference  5-48)  and  Scanlon  and  Liebernian  (References  5-18,  5-49,  and  5-50).  The  re¬ 
sults  of  these  iiieasuremeiits  are  presented  in  Figule  5-28.  These  data  indicate  a  long-wavelength 
absorption  edge  for  room-temperature,  dry-ice,  and  liquid-nitrbEen  detectors  of  4  p,  4.6  p,  and 
5.4  ,1 ,  respectively. 

liie  long-wavelength  limit  of  photoconductivity  in  poiycrystalline  films  and  of  photovoltaic  re¬ 
sponse  in  single  crystal  p-r;  junctions  (References  5-18,  5-49,  and  5-5(^)  (Figure  5-29)  coincides  well 
with  til,-  [insiti'Ti  of  t.he  ub'sorpiion  t  dge  nn  asured  in  single  crystal.^.  Tills  indicates  that  these  mecli- 
ai.i.snis  involv.  liiain-tHiiid  transitions  (i.  e.,  electrons  with  energy  levels  in  the  valence  absorb  the 
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FIGLUE  5-28.  ABSORPTION  OF  PbTe  CRYSTAL. 
Temperatures  In  degrees  Keivln.j 


WAVELENGTH  (p) 


nCUItE  5-2il.  PHOTOVOLTAIC  SPEC  - 
TRl/M  FOB  p-n  JIINCTIONS  IN  PbTe 
AT  ROOM  TEMPERATURE.  - 
4.0S:  AE  »  0.30  ev;  r  =  0.1  nsec. 


photon  energy  and  conuequently  maice  transitions  directly  to  the  coiiductlon  band,  leaving  a  hole  in 
the  valence  band  and  a  free  electron  in  the  ronducticn  band). 


5.2.3.2.  Retractive  Index.  The  refractive  index  obtained  for  surfaces  with  different  polish  has 
been  reftorted  by  Avery  (Reference  5-46).  It  was  found  ?o  vary  from  about  4,1  to  5.2  in  the  region  of 
1.0  Co  2.0  p,  and  from  5.2  to  5.3  in  the  region  of  2.0  to  3T5  p.  Avery  also  reported  the  real  and 
imaginary  parts  of  the  dielectric  constant  In  the  same  article. 

5.2.3. 3.  Resistance.  Detectcrs  .made  from  this  material  have  dark  resistances  which  are  much 
hishsr  than  their  PbS  and  PbSe  counterparts.  Liquid-nilrogen-cooled  PbTe  cells  have  resistances 
of  50  to  100  megohms  for  square  configurations.  Room-temperature  PbTe  exhibits  resistances  of 
around  0.1  to  10  mehohms;  however,  these  detectors  are  seldom  used  due  to  the  serious  degradation 
•n  r*.  Various  geometrical  configurations  such  as  those  describ*’fi  in  Secfion  5.2.1  arc  al3.5  posoiLIe 
v.'it'n  this  material.  In  fact,  to  keep  the  cell  resistance  at  a  minimum,  detectors  are  sometimes  con¬ 
structed  in  an  annular  shape  with  the  electrodes  located  at  the  center  and  outer  regions  of  the  annulus 
This  i  iiTeT  nirificn  leudo  to  an  f  a  ratio  that  is  smaller  than  the  one  in  the  square-area  cells,  and 
ttiertlore  a  smaller  resistance  value  results. 
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Tiie  resistance  is  also  a  fimcUon  cf  the  level  of  background  irradiance,  since  R  “  f  /iTwd  and 

'j  r.c^,  Aheifc  n  oc  H, .  ;  therefore,  i\  cc  l/H-  -  Fippire  5-30  presents  the  relation  between  these 

'■  ou 

parameters.  The  measurementy  Vrre  made  by  Molitor  et  al.  (References  5-2  to  5-5)  using  3  PbTe 
li  !,  i  a  marmtai  turi*;!  by  Farnsv'.'irth  FU'ctronics  Company  ir.u'.,  ITrLaljuiaiortes). 


5. 2. 3. 4.  Noise.  The  noise  spectrum  of  PbTe  has  a  l/'f  component  which  dominates  at  frequencies 

O 

up  to  6  X  10“  cps,  as  indicated  in  Figure  5-31.  Bttyond  this  frequency,  generation-recombination 

■I 

noise  Is  the  dominant  noise  component  out  to  the  region  where  Johnson  noise  becomes  significant. 

Due  to  the  short  time  constant  in  PbTe  (compared  to  PbS),  the  radiation  may  be  chopped  at  a  higher 
frequency  in  order  to  reduce  the  noise  and  still  operate  in  a  region  of  maximum  response.  Chopping 
frequencies  uf  800-1000  cps  are  common.  A  decrease  in  noise  voltage  by  a  factor  of  3  would  result 
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FIGURE, .5-30.  RESISTANCE  VS.  BACKGROUND 
II  FOR  PbTe  DETECTORS 


in  an  increase  of  detectivity  by  the  same  factor,  since 


FREQUENCY  (cps) 
FIGURE  5-31,  PbTe  NOISE  SPECTRUM 
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The  noise  is  also  ifum  tion  of  the  level  of  background  radiation  strilting  the  detector  BUrlai'.e|. 
\ioiuor  et  ai.  have  measured  the  dependence  of  noise  upon  background  radiation  at  a  chopping  fre¬ 
quency  c;  5C  epa  fur  5  Farnsworth  cells.  The  results  are  presented  in  Figure  5-32. 

These  data  Indicate  that  the  noise  level  is  constant  with  background  irradiance  until  about 
-3  2  - 

2  >:  10  effective  watt ''em  are  received  at  the 'detector  from  the  background.  The  term  effective 
implies  an  irradiance  determined  by  considering  only  those  photons  which  are  energetic  enough  to 
cause  electron  tran.sitions  in  the  detector. 

0.2.3. 5.  Relative  Hesponse.  The  relative  response  of  lead  teliurlde  has  the  configuration  shown 
in  Figure  3-33.  The  response  can,  however,  deviate  radically  from  that  shown  in  the  figure.  For 
example,  if  the  sensitive  films  are  very  thin,  the  longer -wavelength  photons  will  pass  through  the 
film  without  lieing  absorijed  and  thereby  cause  the  long-wavelength  limit  to  occur  at  a  wavelength 
shorter  than  3.5 p.  If  the  films  are  overoxydized,  one  finds  a  characteristic  peak  in  the  responslvlty 
curve  at  about  1.5 p. 


10' 


2 


i  10-d 


id 

03 

O 

z 


H 


pbt 


PbTe  •!) 
PbTe  (3) 


'"TTTq' 
10  ' 


“1 — •  r'l  n  I  f — 
10-^ 


10 


(effective  watts/ c in  ) 


FICCBF:  rNFI.rFNrt-  OF  B.TCKUROLNU 

U.AniATPiN  (IS  DETECTOR  NOISE  IN  PbTe 


FIGURE  5-33.  nE7..ATIVE  RESPONSE  OF  PbTe 
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5. 2. 3. 6.  Detectivity.  Development  of  the  FbTe  ceil  was  initiaied  by  the  Germans  during  the 
Second  World  War.  In  this  country.  Syracuse  University,  among  other,s.  began  working  on  this  niate- 
!  ,.,1  r,.i  i  rrlt-:!  ri'.H  riftottion  nurpo=eE  aroxnd  t.he  latter  part  of  ia-lS.  T.his  work  continued  for  around 
tpi;  years,  and,  during  tnat  time  interval,  several  hundred  cells  have  been  constructed,  tested,  and 
reported  by  Syraeuiss.  In  the  last  eight  years,  the  cell  test  facility,  NOLC,  has  reported  the  character 
■  «tirs  ''f  28  PbTf  detector.^  from  various  manuiacturcrs.  .'Vll  of  these  latter  cells  are  preser.ted“in 
Table  5-4.  The  manufacturer,  repont  reference,  and  all  the  pertinent  parameters  are  included.  As 
indicated  in  the  table,  most  of  these  data  ard' quite  old;  consequently  a  statistical  treatment  of  them 
would  have  little  significance. 


A  statistica!  study  of  the  data  reported  by  Syracuse  University  since  1955  has  been  made.  The 
study  was  carried  out  in  a  sligiiiiy  dui'erent  manner  than  in  the  cases  of  PbS  and  PbSe.  Since 
Syracii.se  reported  their  .data  at  two  chopping  frequencies  (60  cps  and  800  cps),  a  study  was  made  for 
each  frequency. 

NEP  (a,  so  cps,  i)  was  plotted  as  a  function  of  cell  area  (Figure  5-34).  Each  point  represents  a 

1- 

detector. 


ii 
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i  c^i.  bt  obuiiied  from  tiiis  chart.  They  are;  the  area  dependence  of 

f],hf  NPP.  the  latitiictp  in  reii  area,  the  average  value  uf  D* .  and  the  be&l  cell  ieporteu  in  that  time 

intcr'-’nl.  The  area  dependence  of  die  NEP  [\  .  ,  dd  eps.  1}  was  deterniineci  by.iassuming  the  expres- 

pk 


NEP  =  KA  ‘ 


wucic  cv  io  a  Ml  lAUJictiitjr 


points,  and  A  is  the  cell  area.  The  calculnted  value  o£  n  is  0.53  (Reference  5-51)  for  30-eps  chopping 

2 

frequency,  which  is  in  good  agreement  with  the  assumed  square-root  relationship.  At  the  1  -cm 
equal  area  line,  the  D*  ( 90,  1)  scale  was  drawn  so  that  one  can  see  the  average  value  of  D*  by 
noting  the  intersection  of  the  best-fit  line  with  this  axis.  The  dashed  lines  in  Figure  5-34  are  located 

one  standard  deviation  from  the  best-fit  line.  The  highest  D*  ,  90,  1)  value  of  the  entire  83  cells 

,  ,„9  1/2  ,,-1  ^ 

is  4  X  10  cm  ‘  cps  •  watt  .  ■ 


Th*»  NEP's  of  most  of  the  cells  shown  in  Figim'?  5-34  were  also  determined  for  a  dOO-cps  chop- 
ping  frequency.  These  data  avc  Ih  ’■■''(uc.t,  i.i  r*  (n  -  0.4d;,  averuye  D* 

800,  1),  standard  deviation,  and  best  D*  value  are  presented.  Today's  production  900,  1) 

value  is  included  along  with  the  &•  value  of  a  selectl^  cell  (Reference  5-14)  for  comparison.  The 
theoretical  limit  is  included  to  give  some  idea  of  the  state  of  the  art  of  PbTe. 


Manufacturers  of  PbTe  detectors  arc  listed  below. 


U.  S.  Manufacturers 


Foreign  Manufacturers 


1.  Electronics  Corporation  of  America 

2.  ITT  Laboratories 

3.  Minneapolis -Honeywell  Regulatoi’ 

Company 


1.  Societe  Anonynie  de  Telecommunica¬ 

tions 

2.  Muilaf;d  Electronics  Products,  Ltd. 
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AuTIV.'VLiJ  DATiJC  TOIio.  Heiny  Syracuse  TImversity 

5.3.1,  INTRODUCTION.  Germanium  is  an  element  m  Rieup  iVu;  the  periodic  table.  It  crystallizes 
111  the  diamond  sti’ncture,  each  atom  having  4  nearest  neighbors.  Smce  each  atom  has  4  valence  elec¬ 
trons,  covalent  bonds  are  lormed  between  each  atom  and  its  4  nearest  neighbors.  The  element  was 
fir.st  studied  extensively  during  World  Wai  II,  when  a  germanium  rectifier  with  high-peak  inverse 
voltage  wa.s  develcpert.  Advances  v.-ere  made  rapidly,  since  the  elemant  is  not  only  chemically  .simple, 
but  also  because  it  appeared  to  have  considerable  practical  value.  Much  of  the  early  research  was 
performed  at  Purdue  University  and  at  the  Bell  Telephone  Laboratories. 

The  raw  material  is  obtained  from  the  flue  dusts  and  slag  of  zinc  and  lead  mining.  It  Is  first 
crudely  refined,  then  converted  to  volatile  GeC!^  and  fractionally  distilled  to  separate  other  chlorides. 
The  chloride  is  converted  to  pure  Ge02  by  hydrolysis.  GeOg  is  then  reduced  to  Ge  in  a  hydrogen  fur¬ 
nace.  Germanium  so  produced  is  further  purified  by  zone  refining,  a  technique  whereby  successive 
sections  oi  a  germanium  bar  are  heated  above  the  meliing  point.  Imp’urities  which  prefer  to  remain 
in  tile  melt  are  pushed  to  one  exfemity  of  the  bar,  th'.  section  which  solidifies  last.  By  removing 
this  region  and  repeating  the  technique  several  times,  impurities  which  may  be  detected  by  electrical 
measurements  can  be  reduced  to  fewer  than  1  in  10  Germanium  so  purified  is  polycrystalline. 

Single  crystals  may  be  obtained  by  the  zone-leveling  teennique  (Reference  5-52)  or  the  Czochralski 
pulling  technique  (  Keterence  5-53). 

The  /on('-U  v(  Imv.  iccluiique  requires  Ui.it  a  single-crystal  seed  be  placed  next  to  the  polycrystal- 
Ime  bar.  The  region  nearest  the  seed  is  then  melted.  By  moving  the  source  of  heat  slowly  away  from 
tile  seed,  tile  iiiulu  ii  ioue  solidifies,  while  adjoining  regions  begin  to  melt.  As  each  region  .solidifies 
a  heidim  -  p.u  t  oi  till  ■iih-li'  crystal  which  has  its  origin  at  Uie  seed.  In  the  pulling  technique  a  single- 
eryst.il  and  i.a  inoiiei'.i  li  uiio  Uie  moilcii  gei  tiiaiiium  very  elo.si'  to  ils  freezini;  point.  Upon  slow  with¬ 
drawal  of  the  seed  ironi  the  melt,  germanium  adhering  to  the  seed  forms  a  single  crystal. 

lii  it.'  !•  i!i  'I  i  :n.  „•  i  iii.iiiiuiii  i.s  iiiliiii.'.  1C  at  rouiii  temper  at  u  i' i '  .iiid  li.ts  .1  re-sishvily  of  47  ohm-cm 
.11  35  c.  I  :..ir.,.  electrons  iii  Uie  conduction  j.ind  anu  lu.lc.s  m  tin.  valence  band.  These 

lit  I’l  .duti  ;i  will  i.iHi.  t  ..orations  Iree  an  i  lectron  from  the  Ge-Gc  bond.  Ic.ivint;  behind  a  positive 
■  b  whu  t  .il'  .  •  ■  Vo.  rnativi  I. .  ii .  .  boies  ami  .  b-.  t;  :,i  pi  1...  .  d  II  incident 

i'liotoiis  Oi  .!.  ;  1-  ,CI  ..:  .  nileract  wiUi  ■■.I.e  i  rystal.  Kiguri  Ib  ii  i-‘  i..  >  s  5-.5i  .ind  5-55) 

'  I  '  .v.'  |m  :  ;c;  '  ■vher.  i  Ii  i  ti-.ii'  .n  i-  e\(  I'l  fi  .o  i  -  o  .  .  ..p  i,,  i  .  .  ■  ,i;,  ]  t  c  and  conduc  - 

' ;  :i  1  i.tnci-d  ;  ■  . ;  . :.ii  Hail  Jit  it  i .  ti.  .  .5-56 1  'li- itt . -r!  li-  ,  >  .  -  . : ■  ■  :  i  ■  I  - >  -  .j-pt ion  could 

'  ■  i  ■  ■  .  I  mat:  n.  lio  i'  i  .!  id  im I.  \  |  n-.ii  transition) 
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IS  one  in  which  energy  and  momentum  are  conserved  between  electron  and  absorbed  ohoton;  and  indi¬ 
rect  :  nont  ji  Lical)  tr;insition  is  delined  as  one  in  which  an  elecLi'on  absorbs  a  photon  and  andergops  a 
chansc  in  its  1.  ■. ccuir,  moiuencam  being  conserved  by  the  absorption  or  emission  oi  a  phonon  by 
imeracti  a  Wiin  il.t  laiini..  Til"  high -absorptioii  region  to  point  A  in  Figure  5-3(1  is  due  to  direct 
transitions;  the  absorption  region  between  points  A  and  B  is  due  to  indirect  transitions. 

In  addition  io  the  tundamental  absorption,  photons  may  be  absorbed  in  p-type  maierial  by  the  trar.  - 
siuoDS  OI  noies  between  various  bands  composing  the  valence  band  (References  5-57  and  5-58).  The 
top  oi  Uie  vaience  band  consists  of  2  bands,  degenerate  at  k  =  0  (k  =  electron  wavenumber  vector), 
with  a  third  band  split  off  by  spin  orbit  coupling.  Figure  5-37  (Reference  5-59  to  5-61)  shows  the  ab¬ 
sorption  spectra  of  a  typical  p-type  fle  sample  at  several  temperatures.  The  absorption  bands  in  the 
4-/;  regions  arise  from  transitions  between  bands  1  and  ?  and  the  third  band.  The  band  starting  at 
10  ,1  arises  from  transitions  between  the  upper  two  bands. 


I  i(;r  HF  -  tn.si iiii  rniN  ,si>i-;cT«(  .v  in 
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I’natons  may  be  absorbed  not  only  by  electrons  and  holes,  but  they  may  also  be  absorbed  i)y  the 
crystal  lattice.  This  leads  to  the  absorption  spectrum  shewn  in  Figure  5-38  (References  5-62  and 
5  -  C  3 ) «  ' 

The  aridition  of  inipuriUes  lo  Ge  produces  a  drastic  change  in  eiectrical  properties.  The  addition 
oi  orocp  impurities  (Sb,  As,  €;tc.)  leads  ton-type  Cunductivity:  the  addition  o*  group  III  impurities 
to  p-type  conductivity.  Wlien  a  group  V  Impurity  is  added,  an  element  with  5  valence  electrons  re¬ 
places  Gc  at  a  regular  lattice  position.  Four  of  the  5  electrons  form  covaient  bonds  with  adjoining  Gc 
atoms.  The  fifth  'ectron  moves  in  a  Bohr -like  •ubit,  bound  to  the  impurity  element  by  the  excess 
charge  of  its  nucleus.  A  group  III  impurity  when  substituted  for  -i  Ge  atom  is  able  to  complete  only 
3  of  the  4  covaient  bonds  demanded  by  Uie  Ge  lattice.  The  fourbh  bond  is  completed  by  an  electron 
from  a  nearby  Ge  atom.  This  leayes  a  positive  hole  bound  to  the  impurity,  moving  in  a  Bohr-like  orbit 
about  the  iiiipu;  Ty.  The  energy  to  free  the  hole  from  the  group  III  Impurity  or  the  electron  from  the 
group  V  impurity  is  given  bv  an  expression  similar  to  that  used  In  the  calculation  of  the  ionization 
potential  of  the  hydrogen  atom: 

„  2»^m*e^ 

^  h  V 

where  m*  Is  the  effective  mass  of  electron  or  hole,  e  Is  the  electronic  charge,  h  is  Planck's  constant, 
and  K  is  the  dielectric  constant  of  Ge  ( 16.1).  E  turns  out  to  be  about  U.Ol  cv,  a  value  in  good  agree¬ 
ment  with  experimental  results  (Reference  5-64),  Ln  vievf.of  this  small  activation  energty,  group  HI 
and  group  V  impui  itius  are  completely  tonizeu  at  room  temperature.  Electrons  and  holes  are  bound 
to  their  impurities  only  in  the  liquid  helium  temperature  region. 

The  use  of  Ge  with  impurities  as  an  infrared  detector  was  first  suggested  by  Surstein  (Re'irence 
5-65j,  While  the  energy  required  to  free  holes  and  electrons  from  a  covalent  bond  is  about  0.75  ev 
and  leads  to  a  response  to  only  i.8p,  the  response  obtained  by  freeing  charge  carriers  from  group  lil 
or  group  V  impurities  would  be  expected  to  give  a  response  to  about  120  p.  Because  of  the  extremely 
low  temperature  required  to  prevent  ionization  of  tliese  impurities  by  lattice  vibrations,  a  .search  has 
been  conducted  lor  impurities  with  greater  activation  energies.  The  effect  of  gold  in  Ge  was  reported 
by  Dunlap  (References  5-66  to  5-68)  as  well  as  Morton,  Hahn,  and  Schultz  (Reference  5-69).  Because 
of  the  success  achieved  with  gold-doped  germanium,  detector.s  have  been  constructed  with  many  other 
impurities.  Figure  5-39  shows  a  summary  ol  the  energy  levels  of  various  iiiipurities  in  germanu.m.’ 


T  ,ji  -i  1.  .  11  ..  .tiiii.il  lUi  impui  iiiLs  111  Ge  see  Reierence  5  70. 
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rrCL-RF  5-  38.  LATTICE  ABSORPTION  IN  Ge 
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FIGURE  .4-.79.  FNERGY  LEVEL  DIAGRAM  FOR  IMPURITY  ATOMS 
I.V  Ge 


Of  pdJ'UcuIar  interest  are  impurities  with  energy  levels  of  about  0.1  ev  or  less:  since  detectors  con¬ 
structed  Ironi  these  materials  have  a  long  wavelength  response  extending  through  the  9-  to  13-a 
atmospiieric  windov.'  where  no  intrinsic  detector  material  is  currently  available.  Detectors  have  iiov 
been  consUucted  from  Ge:7,n,  Ge:Cu,  Ge;Cd,  and  Ge:Hg.  in  addition  to  Ge:Au, 


0.3.2.  .'’HYSICALP.ARAMETERS  OF  IMPb’RITY-ACTIVATKD  GERMANIUM  DETFCTORS.  in  its 
.ipphc.uein,  a  Go-impci  ii\  delei  ter  .s  placed  in  a  circuit  containing  also  a  load  resistance  and  a  bias 
b.Uf.-ry  Wlicii  photons  wiili  energy  sulticicnt  to  tree  ch.erge  carriers  (either  electrons  ur  li'jle.sj  from 
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the  impuritieii  are  incident  ujton  the  material,  the  resistance  of  the  photoconductor  decreases  and  the  . 
'.'oitage  across-  the  load  resistor  increases.  After  the  radiation  i.*!  removed,  the  resistance  of  the 
phoioconductor  begins  to  increase  again  and  reaches  its  original  value  when  all  the  charge  carrier.s 
have  been  captured  by  recombination  centers,  the  s  •me  or  similar  impurities  from  which  they  were 
originally  excited.  The  general  physical  principals  governing  the  behavior  of  Ge  detectors  witli  various 
impurities,  air  MiniUar,  only  specilic  details  are  diflerent  and  depe.nd  upon  the  type  of  impurity  used. 

5. 3. 2.1.  Spectral  Response.  The  spectral  response  consists  of  two  regions.  The  region  of  intrinsic 
lesponse  with  a  peak  at  l.Sp  and  a  threshold  at  1.8/i  is  the  same  for  all  germanium  detectors.  The 
long -wave length  response  to  6p  for  the  GeiAuII  detector,  to  9  p.  for  the  Ge:AuI,  to  14p  for  the  Ge:Hg 
defector,  to  15  p  for  Ge:ZnII,  to  22 p  for  Ge:Cd,  to  30  p  lor  Ge:Cu,  and  40  p  for  Ge:ZnI  is  characteristic 
of  the  type  of  impurity  used  and  the  particular  energy  level  of  the  impurity  from  which  charge  carriers 
are  excited.  The  relative  magnitudes  of  the  peaks  of  intrinsic  and  impurity  respr  ise  depend  on  the 
detector  prrp.iration  anii  consli  uc  lion.  In  certain  applications,  the  intrinsic  peak  is  suppressed;  in 
otliers,  it  is  merely  adjusted  to  tlie  desired  magnitude  relative  to  the  peak  in  the  impurity  response. 


5. 3. 2. 2.  Time  Constant.  The  time  constant  of  the  detectors  in  the  impurity  response  region  is 
given  by 

T  =  1/Np2;u 

where  Nj^  represents  the  density  of  recombination  centers,  their  captui'e  cross  section,  and  u  the 
thermal  velocity  of  the  charge  carriers.  Only  may  be  varied  during  the  manufacture  of  the  detec¬ 
tor.  Z  and  its  temperrture  dependence  are  characteristic  of  the  particular  type  of  impurity  used. 
Time  constants  less  rhan  1  psec  are  always  obtained  from  Ge:AuI,  Ge:2n,  and  Ge:Cu  detectors.  Ge; 
Aul!  (6-p)  detectors  havc^/been  constructed  wdth  time  constants  varying  between  20  psec  and  2  msec. 
In  Uie  intrinsic  region,  time  constants  depend  on  the  length  of  time  it  takes  for  holes  and  electrons  to 
rpf-nmbine,  either  directly  or  by  way  of  recombination  centers.  Since  much  of  the  intrinsic  radiation 
is  absorbed  on  the  surface,  the  treatment  of  the  surface  plays  an  important  role.  Values  varying  from 
several  psec  to  several  hundred  psec  have  been  observed.  Since  the  intrinsic  response  is  generally 
suppressed,  no  great  emphasis  need  be  placed  on  these  time  constants. 


5. 3. 2. 3.  Signal.  The  voltage  change,  V^.  produced  when  the  detector  with  resistance  r^.  is  con¬ 
nected  in  scries  with  bias  battery  E  and  the  load  resistor  and  is  exposed  to  radiation,  is  given  by: 
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where  Ar is  the  chinge  in  detector  resistance,  and  AN  tlie  change  in  the  number  ot  tree  charge  car¬ 
riers  produced  by  the  action  ol  the  radiation.  A>  r  Gr,  where  G  is  the  rate  at  which  charcre  ■:^_^rierc 
■'re  freed  hy  liie  radiation  and  r  represents  the  time  thev  remain  free.  N,  the  number  of  charge  cai  - 
:  iei  s  where  iio  signal  radialio.n  is  incident  on  t!ie  detector,  is  composed  of  two  components: 
the  charee  carriers  which  have  been  freed  by  vibrations  of  the  cry.stal  lattice,  and  Ng,  those  charge 
carriers  freed  by  background  radiation.  Under  ideal  operating  conditions,  should  be  considerably 
smaller  than  *5  accosupiished  Dy  cooling  the  detector.  The  coolant  temperahire  should  be 

such  that  kT  <<  E.,  the  impurity  activation  energy.  In  general,  it  has  been  found  that  kT  “hOw^iiJlJS 

^  -23  -f 

less  than  i/30  oi  the  activation  energy  (k  rsprese.nts  the  Boltzmann  constant - 1.38  x  10  ,  joiIUes/ 

°K.  No.  thh  number  of  charge  carriers  produced  by  bacltground  radiation.  Is  determined  by  the 

D 

amount  and  temperature  of  the  background.  N„  may  be  most  conveniently  reduced  by  surrounding 

D 

the  photoconductive  element  by  a  cooled  radiation  shield  whose  aperture  is  determined  by  the  fic’d  ol 
view  required  In  the  application  of  the  detector,  It  must  be  noted,  however,  that  a  reduction  In  .. 
frequently  requires  lui  iher  cooling  of  the  detector  if  the  condition  N,j,g  <<  is  to  he  satisfied. 

When  the  radiation  Incident  on  the  detector  is  modulated  sinusoidally,  the  signal  voltage  varies  as 

1 

2 

•8 

For  detectors  with  time  constants  of  the  order  of  10  second,  modulating  frequencies  to  1  me  produce 
no  variation  in  signal.  In  general,  the  distributed  capacitance  of  the  detector  and  associated  circuits 
cannot  be  reduced  below  20pfd.  Thus  if  full  use  is  to  be  made  of  the  short  detector  time  constant, 
load  resistors  below  1000  ohms  must  be  used.  As  may  be  seen  from  Equation  5-1,  such  a  iow  value 
requires  that  the  bics  supply  voltage  E  must  be  niade  larger  if  the  signal  is  not  to  be  so  small  that  it 
is  masked  by  the  noise  inherent  In  the  succending  amplifier.  In  general,  the  signal  varies  linearly 
with  applied  bias  voltage.  The  maximum  value  of  E  which  may  be  applied  across  the  detector  depends 
upon  its  construction  and  the  type  and  quality  of  coiiUcts  which  are  made  to  the  sensitive  element. 
Maximuru  bias  curre.-ts  are  specified  for  each  detector.  Values  larger  than  100  amp  are  found  only 
in  the  best  detectors  arid  are  not  comsBO.n.  When  the  maximum  specified  current  value  is  exceeded, 
the  detector  noise  increases  superlinearjy  without,  however,  damaging  the  detector.  A  reduction  in 
bias  current  to  its  maximum  permissible  value  restores  the  original  characteristics  of  the  detector. 

5. 3. 2. 4.  Detector  Noise.  The  noise  spectrum  of  a  typical  detector  is  shown  in  Figure  5-40.  It  has 
two  components:  I  f  noise  and  .noise  due  to  fluctuatioiis  in  generation  and  recombination  of  charge 
earners  (Reference  5-7)).  .As  the  name  implies,  I  f  noise  is  a  noise  whose  power  varies  inversely 
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FIGURE  5-40.  NOISE  SPECTHUM  OF  p-TYPE  Au-DOPED  Ge 
AT  77°K 


with  frequency;  it  is  predominant  at  low  frequencies.  It  is  not  an  inherent  property  of  the  detector 

material  but  depends  on  the  techniques  which  are  used  In  the  construction  of  the  contacts  and  the  sur¬ 
face  of  the  detector  (Reference  5-72).  In  certain  well-constructed  detectors,  the  1/f  noise  spectrum  can 
usually  be  made  negligible  abuve  '00  cps.  Noise  due  to  fluctuations  in  charge-carrier  generation  and 
to  the  recombination  rate  Is  Important  from  100  cps  to  where  Johnson  noise  becomes  dominant. 

5. 3. 2. 5.  Detectivity.  Since  both  signal  and  notse  have  the  same  frequency  dependen.e  In  the  region 
where  1,'  f  noise  is  negligible,  D*  is  frequency  ir.'.t^riaiij.  Since,  furthermore,  the  bl.is  voltage  enters 
in  the  same  manner  in  both  equations,  the  detectivity  is  gene 'ally  constant  until  the  optimum  bias 
voltage  has  been  exceeded.  Abuve  that  point,  the  detectivity  decreases  rapidly  with  increasing  bias 
voltage,  since  signal  increases  sublineariy  ant.  noise  super  linearly.  Under  ideal  cr-ndUions  the  detec¬ 
tor  is  operated  at  a  temperature  where  it  is  background-limited.  If  it  is  assumed  that  one  charge 
carrier  is  liberated  by  each  photon  incident  on  the  detector,  both  the  detectivity  when  the  detector  is 
exposed  to  blackbody  radiation  and  also  the  de'ectiviiy  at  spectral  peak  ma.y  be  calculated.  The  detec¬ 
tivity  D*  (T)  for  a  blackbody  at  temperature  T  is  found  by  substituting  Equations  5-1  and  3-50  in  the 
rtiafininp  equation  for  D* 


D- 


S  1  '  9  . 1  '  ? 

-T-JAf)*  -A  H 
N 


-1 

s 


wlieic  Al  tile  bandwidth  cf  the  amplifying  system,  A  the  detector' area,  anti  the  incident  power. 
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One  cau  then  obtain 

D’(T)  =  Q„'^'  /2H 

o  S  S 

wi'-ere  Q  reoresents  the  sienal  photon  (lux  and  Q  the  background  photcm  flux.  Since  at  a  particular 

3.  "  B 

v,’aveif‘n,:tri. 


H  =  O  h/-'' 

a  'S  ■' 

where  h  is  Plank’s  constant  and  c  is  the  velocity  of  light, 

=Qe'^'^^(2hc/A)'^ 

Figure  5-41  shows  the  variation  of  D*’  al  spectral  peak  for  photoconductlve  detectors  as  a  function 
of  long- wavelength  threshold  of  the  uelector,  if  a  300°K  background  at  a  180°  angular  field  of  view  Is 
assumed.*  The  variation  of  detectivity  with  angular  field  of  view  is  given  tn  Figure  5-42. 
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'  For  a  detailed  discu'>,-'i'in  see  Helereiice  5-73, 
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5.3.3.  DETECTOR  CONS f RUCTION  Al!  presently  available  impurity-activated  detectors'  require 
coolmg.  The  detector  envelope  is  therefore  designed  to  nermit  the  use  cl  liquid  nitrogen  or  a  mini- 
cooler  tor  detectors  v.-ith  a  spectral  resnonse  exten.dir.g  to  Of-  and  liquiu  h>urogen  or  nelium  ior  longer- 
waveiength  detectors.  A  single  dewar  construction  is  generally  sufficient  for  detectors  cooled  to 
liquid-nitrogen  temperature.  The  dewar  Is  constructed  from  either  glass  or  metal.  The  type  of  win¬ 
dow  is  determined  by  the  spectral  response  of  the  sensitive  material.  The  window  te  either  fi-sed  or 
soldered,  to  the  cell  envelope  for  best  results.  The  Ge  sample  is  generally  cut  from  a  large  single 
crvstal  to  which  the  desired  impurity  is  added  during  the  crystal-growing  process.  In  certain  cases, 
pure  Gc  is  cut  into  sections  oi  the  desired  dimension  and  the  impurity  is  then  diffused  into  the  Ge 
Section.  Sections  as  large  as  5  x  5  x  5  mm  and  as  small  as  0.2  x  1  x  1  mm  have  been  used  as  sensitive 
elements  for  detectors.  These  sections  are  generally  mounted  in  an  integration  chamber  which  serves' 
a  dual  purpose.  It  limits  the  amount  of  background  radiation  which  the  sensitive  element  "sees,"  and 
it  serves  to  reflect  onto  the  sample  radiation  which  has  not  been  absorbed  during  the  initial  passage 
through  the  sample.  The  integration  chamber  is  attached  directly  to  the  chamber  containing  the  coolant. 
Thus  t.he  sensitive  element  and  the  integration  chanti^e!^  reach  the  temperature  of  the  coolant. 

Two  leads  are  generally  provided.  In  the  case  of  metal  envelopes^  the  envelope  may  replace  one 

of  the  leads.  The  detectors  are  evacuated  to  pressures  of  less  than  10*  mm  of  mercury  and  gettered 

where  necessary.  Figures  S-43  and  5-44  show  several  partlcuiar  types  of  detector  construction. 

Modifications  in  size  and  shape  of  the  detector  envelope  are  possible  and  depend  upon  the  particular 

application  and  the  method  lor  cooling.  Dewar  dimensions  vary  from  1x1/2  inch  to  5  x  2  inches  and 

l.irger.  Double  dewar^a^s  large  as  5  x  20  inches  have  been  constructed.  The  area  of  the  sensitive 

eleiTK-nt  is  det(:riuir.ec|)by  the  size  of  the  Ge  sample  and  the  size  of  the  aperture  In  the  radiation  shield. 

'  '  2  2 

Areas  as  small  as  0.002  cin  and  as  large  as  1  cm  have  been  prepared.  Extremes  in  detector  areas, 

either  very  large  or  very  small,  lead  to  detectors  whose  D*  is  generally  not  as  high  as  medium  values 
2 

of  area  (such  as  0.04  cm  ), 

5.3.4.  DETECTOR  CHAR.4CTERISTICS:  Ge;Au‘ 

5. 3. 4.1.  General.  Ge.Au  detectors  are  available  in  two  forms,  depending  on  which  energy  level  of 
Au  in  Ge  is  used.  When  .Au  is  the  only  major  impurity  in  Ge,  holes  which  are  bound  to  the  Au  atoms  at 
oUllic jc-jitly  l*y w'  ieiiiperanires  may  be  freed  by  incident  photons  with  a  resulting  increase  in  conduc¬ 
tivity.  The  photon  energy  required  la  0.14  ev,  resulting  in  a  detector  with  a  long  wavelength  threshold 

■'  For  a  detailed  discussion  of  the  effect  of  Au  in  Ge  see  Reference  5-55. 
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FIGURE  5-44.  DOUBLE  DEWAR  FLASK 


at  9fi  When  an  electron  donor  impurity  such  as  Sb  is  added  to  the  Gc  which  already  contains  Au, 
electrons  from  the  flonor  atoms  will  neutralize  the  po.sitive  holef  until,  when  Sb  and  Au  concentrations 
arc  equal,  ail  holes  are  neutralized,  and  the  photoconductivity  to  9  m  disappears.  Further  addition  of 
Sb  ,)i  tn  ides  an  additional  electron  for  each  Au  atom.  The  energy  required  to  free  this  electron  is  0.2 
ev,  leading  to  a  detector  with  a  long-wavelength  threshold  at  6p. 

5. 3. 4. 2.  The  6-u  Ge:Au  Detector  (n-type  Ge.Au).  The  spectral  response  of  this  detector  is  shown 
ip  Figures  5-45  and  5-46.  It  is  composed  of  three  regions:  the  response  below  1.8 /x  Is  the  response  of 
pure  Ge;  the  response  beyond  2.5/i  is  due  to  electron  excitatioii  from  the  0.2-ev  gold  level;  and  the 
-  sponse  between  ISS  aitd  2.5  n  is  due  to  the  excitation  of  holes  and  electrons  from  the  various  Au 
energy  levels.  The  loul  response  curve  has  a  peak  in  the  intrinsic  region  at  1.5  p,  and  no  pronounced 
sei  cindarv  peak.  The  speed  of  response  depends  on  the  wavelength  of  the  incident  radiation.  From 
2.5  p  to  the  spectral  cutoff,  average  detectors  have  time  constants  on  the  order  of  50  psec.  However, 
time  constant.s  as  as  i  msec  have  been  oTisei  ved  in  some  detectors.  Titese  lime  constants  are 
leii.per.iturc-scnsitive.  dvcreasing  as  the  temperature  rise.s  above  78^'K.  Figure  5-47  shows  the  var- 
Mtion  time  coiisUints  with  temper  ilure  for  several  detectors.  Between  1.8  p  and  2.5p  no  definiie 
tune  constant  may  be  defined.  In  that  region,  various  tr-ansitions  oi  charge  carriers  betv/een  energy 
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KIGUnr  5-47.  TIME  CONSTANT  VS.  TEMPERATURE 
Of  n-TYPE  Ge 

levels  anu  conduction  and  valence  hando  icaj*  qucr.cisiii;;  phenomena.  The  response  time  of  the 
detector  depends  on  tlie  Intensity  ol  the  incident  signal,  and.  under  certain  conditions,  illumination 
ul  the  detector  may  lead  to  .m  increase  instead  of  a  decrease  in  resistance.  If  these  effects  are  ob- 
jection.ible  in  actual  use.  the  detector  should  be  provided  with  a  filter  which  eliminates  the’  spectral 
rt'Kion  below  2.5,i.  It  is  iiecause  of  these  effects  that  these  detectors  are  more  suitable  for  qualita- 

9 

tivp  r.Tfher  than  quantitative  work.  Values  ol  D*  (  500  ,  900, 1  cps)  are  in  tne  vicinity  of  2  x  10 
1/2  -1 

cm  cps  •  wati  .  A  histogram  of  the  D*  values  of  a  number  of  detectors  is  given  in  Figure  5-48. 
The  detector  is  characterized  by  extremely  large  signal  and  noise  values  at  operating  bias  currents, 
and  is  therefore  useful  in  devices  whose  noise  cannot  lie  reduced  .sulficiently  to  allow  use  ul  detectors 
wl'.icli  have  grc-.iier  D*  out  lower  sienal  and  noi.se  voltages,  Sig.nal  and  noise  variations  with  freque.ncy 
tor  a  typ,^.il  ueitcior  are  shown  in  Figure  5-49.  Beyond  500  cps  both  signal  and  noise  h.ivc  the  same 
l|■l■(luelu  y  dependence,  D*  thus  Slavs  constant  with  incn  asinc  frr'ijcncy.  BcIoa  about  500  cps,  i  l 
noise  hci  iiines  increasingly  pronounced,  while  the  signal  changeri  niiiy  .slightly.  D*  iiius  dec  ceases 
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lor  1..V.V-I  ii L-quciiciea.  Deieclur  resistances  vary  between  1  and  40  megorims.  depencling  on  the  dimen¬ 
sions  and  preparaLion  oi  tiie  sanipie  and  the  ann.uiu  rn  uackground  radiation  the  sensitive  element 
"sees  "  Parnniefers  of  D*  ,  resistance,  time  constant,  etc  .  w.hich  have  been  reported  in  the  literature 
are  listed  in  Table  5-5.  The  detectors  are  provided  with  a  sapphire  window,  although  coated  silicon 
'.viiidoas  aii_  a._i’iuo]<..  The  sample  is  oreolirt'd  bv  adding  both  gnlri  and  antirrory  .during  the  crystal 
giuwui  process.  Crystals  are  then  cut  into  slices  of  the  desired  dimension  and  mounted  in  a  dewar 
envelope.  Contacts  aic  aulucicu  to  Uic  aauipie  wire  before  or  after  mounting,  me  srnsitive  element 
is  frequently  embedoed  in  sulfur  to  improie  its  stability.  The  dewar  is  evacuated  to  a  pressure  lower 
than  10  ^  mm  of  Hg.  A  low  pre.^sure  is  desirable  to  prevent  frosting  of  the  detector  window  and  to 
permit  longer  storage  of  tlie  coolant.  It  Is  not  essential  for  the  actual  operation  of  the  detector  ele¬ 
ment,  and  no  loss  in  sensitivity  is  experienced  when  the  element  is  exposed  to  atmosphei  ic  pressure 
and  then  re-evacuated.  The  only  supplier  for  this  type  of  detector  is  the  Philco  Corporation. 

5. 3. 4. 3.  The  9-;i  Ge:Au  Detector  (p-typo  Ge:Au).  In  contrast  to  the  6-/i  CJerAu  detector,  the  9-/i 
detector  has  well-liehaved  chaiacteristtcs.  The  spectral  response  is  shown  in  Figures  5-45  and 
5-46,  It  consists  of  the  intnnsir  response  extending  to  1.8-p  ( c.haracteristic  of  pure  germanium) 
superimposed  on  the  response  due  to  excitation  of  lioles  from  the  gold  centers.  This  response  has  a 
peak  in  the  vicinity  of  5/i.  Time  constants  In  the  spectral  region  beyond  l.Sp  are  less  than  0.1  psec, 
as  may  be  seen  from  the  expression 


where  n  is  the  density  of  centers  which  capture  charge  carriers,  il  is  the  capture  cross  section  of 

7 

these  centers,  and  u  is  the  thermal  velocity  of  the  charge  carriers,  u  u  10  cm/sec,  S.  unusually 
-13  2  13 

large  in  this  case,  i.s  10  cm  .  n  is  generally  larger  t.har.  10  ceuters/  cc.  This  gives  a  value  uf 

13 

f  z  0.1  psec.  Since  it  is  not  practical  to  reduce  n  below  10  centers/  cc,  no  larger  value  of  t  may  be 
cilntemplated  r  can,  of  course,  be  reduced  by  increasing  the  number  of  capturing  centers,  a  matter 
which  can  be  accomplished  during  the  cyrstal  growth  process  by  the  addition  of  3b,  whose  donor  elec¬ 
trons.  when  trapped  by  Au  atoms,  act  to  capture  free  holes.  The  Sb  concentration,  however,  is  gen¬ 
erally  held  considerably  lower  than  that  oi  Au  (  i,  10  oi  'lcss). 

The  9-,'i  Ge’Au  detector.s  are  upnerally  .-'.jiers led  at  iiecagse  the  read','  availability  cl 

9  1  '2  - 1 

liquid  nitrogen.  At  that  temperature  I  he  average  detectivity  IS  3  X  10  cm  •  cps  '-watt  Detectors 

9  10 

with  values  ol  D*  ranging  between  10  and  6  x  10  are  commercially  available.  A  histogr,  m  of  the 
D‘  vaiue.s  oi  a  number  o!  detectors  rs  gi'.en  in  Figure  5-5C.  If  the  detector  is  cooled  to  bo  ’K,  the 
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temperature  at  which  it  becomes  background-lirnited,  D*  may  increase  by  as  much  as  a  factor  of  4 
over  the  value  af  78*^K.  Since  the  shape  of  the  spectra'  response  is  identical  for  all  detectors  of  this 
type,  iht  ratio  ol  ,  the  detectivity  at  the  5-(i  spectral  peak,  to  B*  (500°K),  the  blackbody  detec¬ 
tivity,  is  identical  for  all  these  detectors.  It  is  approximately  2.7.  Large  variations  of  D*  with 
temperature  in  the  vicinity  of  its  operating  temperature  ( 78°K)  (  Figure  5-si;  require  that  special 
caution  be  exercised  in  the  construction  of  the  detector  in  order  to  reduce  fluctuations  in  D*  with 


variations  in  coolant  temperature.  Thus  unless  the  thermal  capacity  of  the  detector  mounting  Is  suffi 
cientlv  large,  fluctuations  in  coolant  temperatures,  such  as  are  produced  by  the  bubbling  of  liquid 
nitrogen,  will  produce  undesirable  fluctuations  In  detector  resistance  and  lead  to  noi.se. 


TEMPERATURE  (°K) 


nGim  S-yi.  S -N  .ratio  vs.  TEMPKItATURK  FOR 
iTerCri,  r,e:Hg.  .AN'B  Oe.Au  DETECTORS 
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Because  of  iJie  short  time  constant,  the  detector  sienal  is  frcq-urncy-mvariani  to  >|\t  least  i  me. 

N'.  ISC  has  1.  i  and  li-K  noise  components.  Since  for  a  well-constructed  detector  I  f  noise  is  negiieible 
.ch^.c  l  Ju  cjj.),  O'  i;.  essentially  frequency-invariant  above  100  cps.  Both  signal  and  noise  voltages 
vary  linearly  with  bias  current  until  tlie  designated  ina.xiniiim  current  is  reached.  For  well -constructed 
detectors,  this  value  may  be  as  high  as  100  amp.  Values  of  the  resi.stance.  depending  on  .sensitive- 
eiement  dimensions,  coolant  temperature,  and  single-crystal  preparation  vary  irom  0.1  io  5  megohms. 
Parameters  oi  u* ,  resistance,  time  constant,  etc.,  which  have  been  reported  in  the  literature,  are 
listed  in  Table  5-6.  Sensitive  elements  are  mounted  in  an  integration  chamber  whose  aperture  deter¬ 
mines  Uie  detector  .size  In  contrast  to  background  limited  detectors.  Ge:Au  (p),  when  operated  at 
To'^K,  shows  only  small  increase  in  D*  as  the  angular  field  of  view  is  narrowed. 

Detectors  mounted  in  various  shapes  and  types  of  dewars  are  available  fiom  Philco,  RCA, 
Wtstinghoiise.  Raylheon,  atxt  SBRC. 

'■'.'t  DFTFCTOR  CK/JtAf  f'CRlSTlCS.  GciZii  (References  5-74  and  b-7b) 

5. 3. 5.1.  General.  When  zinc  is  added  to  Ge  during  crystal  growth,  holes  may  be  excited  from  the 
O.n.a-ev  level  to  the  valence  band.  Tliis  leads  to  a  photoconductivc  response  with  a  lung- wave leng^th 
threshold  at  40  fi.  Cooling  to  at  least  lO^K  is  required  to  produce  optimum  detectivity.  If  during 
crystal  growth  donor  attims  such  as  antimony  are  added  to  the  melt,  electrons  fi'om  these  donor  atoms 
will  neutralize  all  holes  if  tlie  number  of  donor  atoms  is  exactly  equal  to  the  number  of  zinc  atoms  In 
the  crystal.  Holes  mav  then  be  excited  from  a  0.09-ev  level  to  the  valence  band.  This  detector  has  a 
spectral  response  extending  to  about  15  p  and  may  be  operated  at  temperatures  In  the  vicinity  of  40°K. 
WTiilH  the  4'J-/i  detector  (Ge:ZnI)  has  beeiv produced  and  Is  at  present  in  use  in  several  systems,  the 
15-,i  Ge;ZnII  detector  is  still  in  the  experimental  stage. 

5. 3. 5. 2.  GeiZiil  (40-ia)  Detector.  Figure  5-4R  ohows  the  spectral  response  of  the  Ge.ZuI  (ZIP) 
detector  curresntly  available.  A  histogram  of  the  D*  values  of  a  number  of  detectors  is  given  in 
Figua  e  5-52.  This  particular  detector  has  a  60°  angular  field  of  view  Peak  response  occurs  at 

.36  !i .  The  structure  in  the  spectral  curve  beyond  14  ..  is  due  to  absorption  of  photons  by  the  crystal 
lattice.  Measurements  of  tt:*  detector  lime  constants  indicate  values  less  than  Ori  psec.  'Thus  the  ^ 
siyn.al  is  frennenr-y-vn^ppondont  :r.  t.hc  useful  operating  »aiigc  uf  the  detector  it  precautions  are  taken 
to  reduce  creuit  time  constants.  Detector  notse  is  predominantly  of  the  1/ f  type  up  to  lOOO  cps. 

The  detector  can  therelore  be  operated  to  great  advantage  at  chopping  Irequenries  beyond  1000  cps. 

The  detector  has  nonlinc.ar  resistance  characterisUcs  when  a  bias  voltage  is  applied.  An  average 
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FIGURE  3-52.  HISTOGRAM  OK  D*  VALUES  FOR 
THE  Ge:ZnI  DETECTOR 


dL-tcclur  has  a  rcsislani  e  ol  about  2  megohms  when  an  electric  Held  of  about  20  v/cm  is  applied  across 
u.  As  liie  Held  is  increased  to  GO  v,  cm,  the  resistanee  begins  to  decreaste  rapidly  with  further 
)in.  re;ci!'  in  uppiied  bia.s  potcutial.  Tins  ura.siie  lesistaiicc  decrease  is  due  to  iniuact  ionization.  Botli 
-Signal  and  noise  increases  linearly  to  the  point  where  impact  ionization  takes  place.  While  the  detec¬ 
tor  can  actually  be  used  at  higher  bias  voltage,  optimum  detectivity  is  obtained  when  60  v/cm  is  ap¬ 
plied  across  the  sample.  Parameter^  of  D*,  resistance,  time  constant,  etc.,  which  have  been  reported 
in  the  literature,  are  listed  in  Table  5-V.  The  photosensitive  sample  is  mounted  in  a  double  dewar, 
such  as  that  shown  i'-  Figure  5-44.  Dewars  of  this  type  are  available  from  Hoffman  Iiaboratorles,  The 
Linde  Company,  and  The  Vacuum  Barrier  Corporation.  The  iuriei  chamber  holds  1  liter  ol  liquid 

lielium.  The  outer  chamber  is  cooled  by  liquid  nitrogen.  When  so  used,  liquid  helium  may  be  maln- 

15 

tamed  ill  (lie  dewar  for  about  24  hours.  In  contrast  to  Ge.  Au,  where  only  about  10  gold  atoms/ cc 
may  be  incorpiiratid  in  the  crystal,  zinc  may  be  added  to  concentrations  of  about  10^  .  This  greater 
density  absorbs  a  liigher  fraction  of  Uie  incident  radiation,  thus  making  the  use  of  an  integration  cham¬ 
ber  less  essential.  The  dewar  is  provided  with  a  potassium  bromide,  window  if  the  entire  spectral 
response  is  desired.  .Appropriately  coated  Ge  windows  may  be  used  if  the  response  in  certain  spectral 
regions  is  Jo  be  enhanced  or  depressed.  Detectors  of  this  type  have  been  manufactured  by  the  Perkin - 
Fliiier  Corporation. 


5,3.6.  DETECTOR  CH.AR.ACTERISTIGr.:  GerCu.  Copper  is  most  conveniently  addedTb  Ge  after 
ti’.i-  ;  rv;  !;’.!  .‘u;:.  i  rrr,  gr'wr,.  i  hi.-  I.-  .ti  vompUsiiiu  by  cutting  the  Go  single  crystal  into  elements  of  the 
dc.sir.'d  diniprisions,  plating  a  thin  coppeir  film  on  the  sides  oi  tbe  elements,  and  then  diffusing  the 
copper  into  the  Ge  hv  healing  at  temperatures  slighlly  below  the  meltine.  point  ot  Ge  for  ■several  hours. 
Copuer  in  Gt  iias  an  ,  0.04  cv  abiive  the  valence-  Ixmd.  Thus  phwton.s  -with  eiiei-givs  greaicr  than 
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TABLE  5-7.  Zn-DOPED  Ge 

uarK  -  Tj.ji*.  Number  Djt* 

Pcsiscante  NEP  j  Constant  FreriueJicy  Source 

imeifohmsl  f-Aatts  •'ci!*  -  ci's  *  ‘  ‘  ‘-lis 

3-J  X  10  '  4.9  X  ID*  -  i  400  3  I 

2-7  1.1x11)'“  ^1  400  1  1 

!.  f  ...A.  :  .  p-.i .  -1  spi,.  ZiP  ijeitect-r.  Report  Number  5644.  The  Prrk}."  Eliuer  Corp.,  Norwalk,  Conn.,  April  1860  (UNCLASSIFIED). 

0.04  c'l'  will  e.X(.  it‘'  holes  li  oiii  the  i  upper  centers,  producing  photoconductivity  which  extends  to  30  4. 
Since  the  holes  arc  bound  to  Cu  with  an  energy  of  only  0.04  sv,  the  detector  elements  must  be  cooled 
to  such  temperatures  that  lattice  vibrations  cannot  free  the  charge  carriers.  Temperatures  bi  the 
vicinity  cl  IS^K  arc  sufficient.  Since  the  detector  is  still  ln  a  stage  of  development,  not  much  infor¬ 
mation  is  available  about  specific  characteristics.  A  histogram  of  the  D*  values  of  a  number  of 
dcteciars  is  given  in  Figure  5-53.  Time  constants  are  less  than  1  .iiscc,  possibly  considerably  iess. 

at  23^,  Uic  spectral  peak,  is  approximately  3  x  10^^  cm  -cps^^^-watt  ^  for  a  detector  with  a 
60°  angular  field  of  view  ( Figure  5-46).  1/1  noise  seems  to  be  negligible  above  500  cps,  and  from 
that  miint  on  to  higher  frequencies.  D*  is  frequenity  invariant.  As  is  the  case  in  other  impurity- 
activated  Ge  detectors,  the  quality  of  the  contact  determines  the  maximum  bias  current  and  theyefore 


0,2  0.4  0.6  O.S  1.0  1.2  1.4  1.6  1.8  2.0  2.2  2.4  2.6  2.8  3.0 
D*  .X  lO'^"  cm  •  cps'  ^  ■  watt  ’ 
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vr-  nnisr  rhr  maximum  signal-per-watt  incident  power.  As  in  the  case  of  U»e  Ge:3n 
ntpact  ionization  cietcrmines  the  maximum  bias  voltage  whicu  may  be  applied.  Since  cooimg 


required,  a  double  dewar  similar  to  that  used  for  Ge:Zn  may  be  useu  for  mounting  the 


detector.  Detectors  mounted  in  this  or  similar  dewars  are  available  commercially  from  Texas  Insti  u- 


ments  Incorporated,  the  Santa  Barbara  Research  Center,  and  RCA.  Parameters  of  D*,  resistance, 
time  constant,  etc.,  which  have  been  reported  in  the  literature^  are  lisieu  in  Table  5-8, 


TABLE  5-8.  Cu-DOPED  Ge 
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5.3.7.  DETECTOR  CHARACTERISTICS;  Ge;Sb  (Reference  5-75).  Electrons  may  be  freed  from  Sb 
atoms  ill  Ge  by  a  photon  energy  greater  than  0.01  ev.  This  leads  to  detectors  with  a  long-wavelength 
threshold  at  about  130 p.  ’.Vhlle  several  experimental  deiectors  of  this  type  have  been  prepared,  no 

commercial  source  presently  exists. 

// 

5.3.8.  DETECTOR  CHARACTERISTICS:  Ge:Cc2  (Reference  5-77).  The  Ge:Cd  detection  was  orig¬ 
inally  developed  to  fill  the  need  for  an  8-14  p  detector  ■which  could  be  operated  at  liquid-hydrogen  tem¬ 
perature.  Cd  l.s  added  during  (.rysUl  growth  by  passing  cadmium  vapor  over  the  molten  Ge.  The  energy 
required  tu  free  ctiarge  carriers  (holes)  from  the  Cd  atoms  in  the  Ge  lattice  is  0.055  ev,  giving  a  long- 
wavelength  cutoff  of  the  spectral  response  at  about  22  p.  Figure  5-54  shows  the  spectral  response  of 

a  Ge:Cd  detector..  The  detection  requires  cooling  to  about  2g'^K;  at  30°K  the  detectivity  decreases  by 
a  lactor  2  ( Figure'  3-51).  The  time  constant  of  this  detector,  as  for  most  of  the  other  impurity-actl- 
valeTi  Gc  dctoiTurb  (except  the  6^  Ge;Au  detector),  ii,;.  less  than  1  psec.  Detectors  of  thi.s  type  in 
comuiiction  with  a  liquid-hyJrogen-coolinp  system  are  available  from  the  Ravtheon  Manufacturinit 
Company. 
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FIGURE  5-54.  ABSOLUTE  SPECTRAL  RESPONSE  OF 
EXPERIMENTAL  C«;Cd  AND  CesHg  DETECTORS 

5.3.9.  DETECTOR  CHARACTEraSTICS.  Ge:Hg  ( Reference  5-78).  The  availability  oi  liquid  neon 
and  other  cooling  systetas  which  operate  down  to  have  led  to  the  development  ol  the  Ce:Kg  detector 
at  .Syracuse  University.  Mercury  is  introduced  into  Ge  during  crystal  growth  by  passing  a  stream  of 
hydrogen  over  mercury  at  a  temperature  of  about  300°C.  The  hydrogen  stream  carries  the  Hg  vapor 
over  the  molten  Ge  r  ne.  Preliminary  measuremerits  .ha’.'e  indicated  mercury  concentrations  up  to 

1  4 

5  X  10*  atoms,' cc  iu  Uie  grown  Ge  crystal.  The  energy  required  to  free  charge  carriers  from  the 
lower  Kg  level  is  0.086  ev.  A  spectral  response  of  Ge:Hg  is  shown  in  Figure  5-54.  Since  only  a  few 
crystals  have  been  grown  and  mounted,  constderable  improvement  may  be  expected  when  this  detector 
is  more  fully  developed.  The  temperature  required  for  cooling  is  35®  K.  At  40®  K  the  detectivity  lias 
decreased  by  a  factor  2  (Figure  5-51).  The  detector  is  not  yet  con  mercially  avpAlable._ 
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5.4.  IMPURITY -ACTIVATED GERMANIUM -SILICON  ALLOYS,  by  T.hoinas  Limperis 

CrysUis  01  gerinanium- silicon  alloys  were  first  prepared  around  1939  by  Stohr  and  Klemm 
'Ftrlcn.-.-.-e  5-7?;,  who  showed  that  Ge  and  Si  fc’trted  a  continnouft  series  of  solid  solutions.  They  also 
showed  that  the  lattice  constant  of  this  system,  which  has  a  diamond  structure,  varies  linearly  with 
compositions  between  the  values  for  pure  Ge  and  pure  Si.  Later.  Levitas  et  al.  (Reference  5-80)  and 
•Johnson  and  Christian  (  Keterence  5-81)  found  that  the  wtctth  nf  the  forbidden  band  in  this  semiconductor 
is  also  dependent  upon  the  percentage  of  silicon  In  the  alloy.  This  dependency  is  displayed  in  Figure 
5-55. 

According  to  Herman  ( Reference  5-82),  the  Icnee  of  the  curve  is  probably  due  to  the  ditferent  rates 
of  change  In  band  gap  in  the  [111]  direction  and  the  [  100]  direction  w'ith  varying  amounts  of  Si  in  the 
Ge  lattice  i  the  numbers  in  orackets  are  Miller  indices,  which  represent  a  direction  in  the  crystal  lat¬ 
tice).  As  Si  is  added  to  Ge,  the  conduction  bands  in  the  [  100]  and  [  111]  directions  move  away  from 
the  valence  band.  The  [ill]  conduction  band  moves  away  at  a  faster  rate  thari  the  [  100]  conduction 
band.  From  0  to  15  mo!  percent  silicon,  t.he  band  gap  in  the  [ 111]  direction  is  smaller  than  the  band 
gap  in  the  [  100]  direction,  and  consequently  the  change  in  tills  band  gap  with  the  amount  of  added  sili¬ 
con  will  determine  the  variation  of  band  gap  lor  the  system.  In  the  range  beyond  15  mol  percent  Si, 
the  band  gap  in  the  [  111]  direction  is  larger  than  in  the  [  lOOj  direction,  and  consequently  the  rate  at 
whlc.h  the  [  ICO]  minimum  moves  away  from  the  valence  band  will  detei  mine  the  band  gap  of  the  system. 


KjCLHE  3-.55.  COMPOSITION  DEPEN- 
DENCE  OF  THE  ENkRoY  GAP  OF  Si¬ 
de  Ai.rx>ys 
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Since  tnis  dependpncy  exists,  one  would  expect  a  corresponding  change  in  tlie  a.bsorption  spectrum 
with  varving  amounts  of  .-silicon  in  the  alloy,  and.  in  fact,  this  is  the  ca„e.  The  absorption  spectrum 
I  hfptp fpnr ?«;  pr^' s€.‘ntt:*u  in  i"  iguro  witii  the  psrcsnts-o^  silicon  3-s  3.  pn.r3im6t6i‘. 


The  smallest  energy  gap  lor  tne  Ue-Si  system  (irom  f'iguie  S-55)  is,  ol  course,  the  band  gap  of 
pure  getmanium  (about  0.7  ev),  which  corresponds  to  a  long- wave  length  cutoff  oi  approximately  l.Sp. 


since  the  targets  of  interest  emit  radla.  nn  in  the  longer-wavelengtljl  atmospheric  windows.  However, 


uie  addition  of  impurities  into  Uie  lattice  of  these  alloys  leads  to  some  interesting  results.  For  exam¬ 
ple,  the  elements  gold,  copper,  indium,  zinc,  and  boron  introduce  allowed  electron  energy  levels  in  the 
forbidden  band  gap,  which  greatly  affect  the  optical  and  electrical  properties  of  the  materials.  These 
impurity-induced  energy  levels  change  the  ionization  energy  (energy  required  to  transport  a  hole  to 
the  valence  band  or  eiectrop  to' the  conduction  band).  This  is  illustrated  in  Figure  5-!>7,  where  is 
the  ionization  energy  and  £  is  the  band  gap.  Ln  this  simple  picture,  the  impurity  center  a  are  p-lype 
or  electron  acceptors.  Thus,  an  electron  transition  to  one  o.'  these  levels  from  the  valence  band  re¬ 
sults  in  a  hole  which  is  free  to  conduct  In  the  valence  band. 

. in«  Ce-Si  system,  the  impurity  induced  levels  move  away  frohvthe  valence  band  (E^  increases). 

with,  increasing  silicon  content.  The  resulting  variation  in  ionization  energy  with  varying  amounts  of 
.silicnn  in  the  system  is  shown  in  Figure  5-58. 


FIGl-RE  r,-r„-,.  INTRINSiO  ABSORPTION’  SPECTRA  IN  A  SERIES  OF  Ge-RICH  Ge-Si 

rti.LOVS  AT  YH”K. 
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FIGltRE  5-57.  SIMPLE  BAMD  PICTURE 
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FIGURE  5-58.  IMP  GRIT  Y  IONIZATION 
ENERGIES  AS  FUNCTIONS  OY  ALLOY 
COMPOSITION 

The  loniaation  energy  necessary  to  piovlcie  a  long-wavelength  response  of  14^^  (the  long- wave¬ 
length  edge  of  the  far-infrared  window)  is  about  0.09  ev.  We  can  see  from  Figurie  5-58  that  energy 
levels  introduced  by  boron  lie  closer  to  the  valence  band  than  0,09  ev  tor  all  values  o’’  silicon  concen¬ 
tration  (Reference  5-84).  Consequently,  Ge-Si  detectors  using  this  impurity  would  .have  a  photocon- 
ductive  long -wave length  cutoif  beyond  14  m.  The  indium  impurity  leads  to  ionization  energies  of  0.09 
ev  at  silicon  concentrations  between  70%  and  80%.  Single  crystals  containing  this  silicon  concentration 
and  ihe  indium  activator  have  been  grown  and  the  characteristics  measured;  however,  these  crystals 
are  extremely  difficult  to  prepare  and  therefore  further  efforts  in  this  area  have  been  abandoned.  De¬ 
tectors  have  been  constructed  of  Ge-Si  doped  with:  zinc  (employing  Lhc  second  zinc  level),  gold  (using 
the  first  level),  gold  (using  the  second  level),  and  zinc  plus  gold  (using  the  second  level  of  zinc  and 
the  first  level  of  gold).  Detectors  of  this  type  were  developed  primarily  to  provide  long-wavelength 
photodetection  at  ofierating  temperatures  of  approximately  50°K  or  pumped-over-liquid-nitrogen 
temperamres.  The  characteristics  of  these  detector  types  represented  by  the  symbols  Ge-Si:Znll, 
Ge-Si:AuI,  Ge-Si:AuII,  and  GezSi:ZnAij(,  respectively,  are  degerifeed  below  in  detaii. 

6.4.1.  (Ge-Si):AuI.  The  gold  inipuriiy  iniroduces  several  levels  in  the  forbidden  gap.  The  posi¬ 
tion  oi  these  levels  is  greatly  influenced  by  the  percentage  of  silic.on  in  the  alloy  as  described  above, 
f, S-SO  (Reference  5  “6)  o-hov.'.-  the  variation  of  ionizaliuii  energy  in  t.he  first  and  second  levels 
of  gold  ill  tJie  gti  iiiiuiium-siiicon  sysieii:. 
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FIGURE  5-59.  lOinZATION  ENERGY  OF  At; 

IN  Ge-Sl  ALLOYS,  (a)  First  level,  (b)  Sec- 
cond  level. 

From  this  figure  it  may  be  seen  that  by  choosing  the  first  gold  level  and  sel^icting  the  proper 
amount  of  silicon  one  can  obtain  an  ionization  energy  suilicientiy  small  (0.06  ev)  to  allow  carrier 
generation  by  photons  with  wavelengths  in  the  8-  to  13-jj  region  (the  far-infrared  window).  The  util¬ 
ity  in  lieing  able  to  change  the  band  gap  hy  simply  varying  the  percentage  of  silicon  is  obvious.  The 
concentration  of  SI  may  be  chosen  so  that  the  energy  gap  is  sufficiently  small  for  detection  in  the  far- 
infrared  window,  but  not  so  small  that  the  long-waveiengLh  limit  of  photoconductivity  lies  beyond  13  n, 

where  cell  temperatures  below  30°K  are  needed  to  reduce  the  number  of  thermally  generated  carriers. 

ii 

Detectors  eniiploymg  this  material  are  commercially  available  today  from  tlie  Electron  Tube  Division 

of  RCA. 

5. -1. 1.1.  Ab.sorption.  The  absorption  coefficient  for  this  detector  type  is  quite  small  (about  1  cm”^) 
(Reference  5-84)  in  the  region  of  8-13  4.  Since  the  detectivity  is  directly  p;  jportlonal  to  the  percent¬ 
age  oi  absorbed  quanta,  it  behooves  the  detector  designer  to  .somehow  increase  the  absorption.  Fbr 

im{7urity-activated  Ge-Si  cells  this  is  done  in  one  of  two  ways.  First,  for  .smaii-area  cclin  (snialjej 
2 

than  u.b  x  0.5  cm”)  an  integrating  chamber  with  highly  reflecting  walls  is  used,  as  shown  in  Figure 
5-tiO.  This  configuration  m.sures  m-jltiple  traversals  of  tlie  incident  photons  through  the  sensitive  ele¬ 
ment.  thereby  effectively  increasing  photon  absorption.  For  detector  areas  ajound  0.5  x  0.5  cni*^, 
tfic  batto-u  of  the  sencojve  element  is  slanied  f  Figure  j-8I;  to  provide  multiple  internal  reflections. 
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FI'“’ntE  5-(i0.  TYPICAL  INTEGRATING-CHAMPER  FIG’JRE  5-61.  CELL  ELEMENT 

ASSEMBLY 

5.4.1.2.  Resistan' e.  The  dark  resistance  oi  these  cells  is  extremely  high  at  iiquiri-hydrogen 
teinperaturea.  Values  of  reaisLance  around  170  megohms  have  been  measured,  however,  it  is  beliei’ed* 
that  tiiiS  is  the  resistance  of  the  leakage  path  and  that  the  actual  cell  resistance  is  muci-  iiigher.  For 
cell  temperaLjres  around  60“k  or  pumped  over  liquid  iillrogen,  the  resistance  is  around  500  kohm. 

The  resistance  is  exponentially  dependent  upon  the  reciprocal  of  the  temperature,  or  Roce  '  where 

R  is  the  resistance  and  T  is  the  cell  temperature. 

5. 4. 1.3.  Time  Constant.  The  time  constant  of  this  detector  is  less  than  1  p sec. 


a. 4. 1.4.  Noise.  The  noise  power  spectrum  has  a  i/i  compon-ri  at  chopping  frequencies  below 
300  cps.  and  beyond  that  point  the  noise  is  white.  In  the  white  region,  ihe  .noise  is  predominantly  due 
to  fluctuations  in  the  generation  and  recombination  of  the  charge  carriers  caused  by  either  the  back¬ 
ground  radiation  or  by  lattice  vibrations,  depending  upon  the  cell  te.Tiperature.  For  cell  temperatures 
of  approximately  20°K  and  below,  and  bacligrou.Tcl  temperatures  of  around  300°K,  the  noise  is  pi  edoiu- 
inantly  background  noise  (.soise  caused  by  the  random  arrival  of  photons  from  the  background).  As  the 
cell's  operating  temperature' is  increased,  the  random  generation  and  recombination  of  carriers 
brought  about  by  the  thermal  agitation  of  the  lattice  begins  to  predominate. 

Since  the  time  constant  Is  very  short,  the  radiation  incident  on  the  detector  may  be  chopped  at 
frequencies  up  to  10^  cps.  At  frequencies  al>ove-300  cps,  the  noise  is  out  of  the  1/f  region  and  the 
responsivity  is  ai  a  maximum,  which  leads  to  a  maximum  signal-to-noise  ratio. 
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5.4.I.&.  Detectivity.  A  typical  spsctrai  response  for  Ge-Si;AuI  ceils,  which  are^ivailablc  frorii 
-nC4.  ;s  preiewted  bc'-vv.'.  As  mentioned  earlier,  the  long  waveieneth  cutoff  i?  dependent  upon  the 
amount  o!  silicon  which  is  added  to  the  lattice.  For  the  snertral  response  prescuied  in  Figure  5-62, 
ihe  percenr.Tgn  silicon  is  about  il'F  this  proviers  a  long- wavelength  cutoif  of  atfout  12  ti.  The  dstec- 
tor  described  in  r  igure  3-62  has  a  co..ied  Ge  window.  Tha  peak  value  of  D*  is  dependent  upon  several 
parameters  including  the  .-pII  temperature  and  the  cell  field  of  view.  If  t.he  noise  is  prerinminnnti.. 
bacltgrouiid  uuiae,  then  pl.acing  cooled  shield.'  adjacent  tc  the  detector  to  restrict  its  field  of  view  will 
decrease  the  background  noise  and  consequently  increase  D* .  For  the  detector  to  be  background- 
noise  limited,  the  operating  temperature  must  be  50°K  or  less  for  backgrounds  of  about  300°K. 

Unfortunately,  no  measurements  on  this  type  of  cell  have  been  published  by  the  two  cell  test 
facilities,  NOLC  and  Syracuse.  RCA  reports’  that  for  a  250-voU  bias,  a  120°  field  of  view,  a  21°K 
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onpri^tirit;  temperature,  aiid  a  i.P-niegohjn  load,  D'  (  SCO^K,  SOO,  i)  is  6  to  10  x  10^  cm  •  cps^'  ^"  •  watt 

id  '•'2  1  o 

sv;!ich  c;:.-rC3ponjS  to  a  tiriX  u-  of  i.2  to  2  X  iU  cm  •  cps  -watt  .  The  2?o;K  temperature  is  ob¬ 
tained  wilii  liquid  hydrogrn  In  the  cryostat,  ilewar-cooler  assemblies  employing  this  coolant  are 
available  from  RCA.  When  oj.'eratir.g  at  p<jmped-over-liquid-nitrosen  temperatures  (about  5Q'^K),  tlie 
P*  '  jOc'^K,  ICC,  1)  is  C  X  10^  riu  ■  cps^  ^  ■  watt  \  and,  at  cell  temperabjres  ot  7?“K,  the  D*  ( 500°K, 
100,  1)  is  approximately  s  v  in^cm  ■  watt'^ .  Tiic&e  values  oi  u*  may  De  converted  to  peak 

D*  by  f’e  following  expression 

D*  peak  =  2  D*  (  500°K, - ,  1) 

Photosabaration  studies  of  this  detector  have  not  been  reported  up  to  the  time  of  this  report.  Of 
course,  when  the  cell  is  background-noise  limited,  one  should  expect  the  NEP  to  degrade  with  Increas¬ 
ing  background  temperature  because  of  the  dependence  of  noise  upon  the  level  of  baclcground  irradiance. 
WCien  llie  cell  *8  not  backgrotird-nnlse  litnited,  the  ME?  wdll  be  coiiBoint  for  increasing  background 
irradirnre  until  a  level  is  reached  whe.-e  background  noise  is  predominant. 

5.4.2.  Ge-si;ZnII  Infrared  detectors  using  the  second  level  of  Zn  in  the  Ge-Si  lattice  are  .also 
available  from  RCA.  As  in  the  ca.se  of  Ge-Si;AuI,  the  amount  of  Si  added  to  the  Ge  lattice  is  chosen 
to  obtain  a  iung-wavelength  cutoff  which  lies  at  about  13  p,  which  is  the  long-wavelength  edge  of  the 
8-  Co  13-/i  window.  The  varlatiott  uf  ionization  energy  (or  band  gap)  with  percentage  of  Si  is  presented 
in  Figure  5-63.  Generally  speaking,  around  4%  of  Si  is  used  to  provide  the  long-wavelength  response 
described  above. 

When  preparing  these  cells,  a  comoensatinv  n-tvru*  -w  arM—tny  1; _ 1 fill  .»11 

the  acceptor  levels  which  lie  closer  to  the  valence  band  than  the  second  Zn  level.  The  result  is  that 
electron  traiieilifjr.u  which  do  occui  are  be.tween  the  valence  band  and  the  second  zinc  level.  The  hole 
which  remains  in  the  valence  band  is  then  free  to  produce  a  photocurrenl. 

5. 4. 2.1.  .Vosui  ptiiiii.  transmission  measurements  (Reference  5-85)  have  been  made  on  a  zme- 
activated  Ge-Si  lattice  containing  7.5%  silicon.  From  these  measurements,  the  absorption  spectrum 
wa.s  detei  mmeu  (  Figure  D-bS).  The  iigure  indicates  that  the  absorption  coefficient  is  only  around 
1  cm  ^  in  the  range  of  2  to  10. 5, r.  Such  transparency  in  the  region  of  interest  is  undesirable  since 

"These  values  were  obtained  from  only  one  cell  reported  by  RCA  m  Reference  3-db. 
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FICmiE  5-64.  OPTICAL  ABS'^RPTION  CO- 
FIOl'Rf  5-63.  IMPfRITY  IONIZATION  LEV^EL  EFFICIENT  OF  A  Zn-ACTI.  ED  ALLOY. 

\'S.  PERCENT  S!  FOR  ZpR  (je-SPZnR;  7.5%  SI. 

the  signal  voltage  *3  directly  proportional  to  the  percentage  ol  quanta  absorbed.  Methods  have  been 
devised  to  solve  this  problem  m  these  detectors.  They  art  described  m  the  section  on  Ge-Si:AuI 
{Section  5.4.1). 

5.4.2  2.  ItCsistanM.  The  dark' resistance  of  detectnr.s  nonstructed  from  this  material  is  rijported 
to  be  about  70  megohms  for  ceil  temperatures  around  21°K.  However,  Indications*  are  that  this  Is  the 
resistance  of  the  leakage  patli  and  that  the  cell  impedance  is  much  higher.  When  temperatures  of 
about  OO'^K  are  used,  the  resistance  is  around  30  megohms. 

5. 4. 2. 3  Tiiiae  Constant.  The  time  con.stant  is  less  than  1  p.sec. 

5.4.2  4.  Noise.  The  noise  is  the  same  a.s  that  reported  for  Ge-Sl:Au. 

5  4,2.5.  Detectivity.  A  typical  spectral  response  curve  for  Ge-Si:Zn  is  shown  in  Figure  5-65.  As 
mentioned  above,  the  long -wave length  culoif  is  dependent  upon  the  amount  ol  silicon  which,  is  added  to 
the  lattice.  For  the  spectral  response  shown  in  Figure  5-65,  the  percentage  of  silicon  is  around  4. 

The  peak  D*  value  is  dependent  upon  several  parameters  including  the  cell’s  temperature  and  its  field 
ul  view. 

“Pi  ivulc  cuniiiiuiiication  with  Dr.  G.  A.  Morton  and  Dr.  M.  L.  Schultz, 


conudential 


141 


COMFiDENTIAL 


-institute  ot  Science  ond  Technology 


The  University  of  Michigon 


f  lOUKK  5-6S.  SPECTRAL-RESPONSE  CUTTVE  FOR 
Ge-S1:Znn 


For  cell  temperatures  of  around  50'  ..-..  _ _ _ o*— , -.u. -o  ui  use  ceii  is 

backgrourLu-noise  iitnited,  'fherefore.  placini:  cool  shields  adjacent  to  the  sensitive  element  to  restrict 
Its  Held  Ilf  view  will  effectively  decrtese  the  background  noise  and  consequently  increase  the  detectivity 
!  tilt-  relation-.hip  between  these  variat!'’a  is  shown  in  Figure  5-42). 

One  Ge-Si  ZnlJ  detector  with  a  coated -Ge  window  was  sent  to  NOLC  for  testing.  The  results  were 
rnp'irted  in  a  recent  NOLC  report  ( Reference  5-87),  The  measurements  were  made  at  a  cell  tempera- 

O 

tore  111  5U  K.  A  summary  of  the  results  is  civen  below. 


142 


CONFiDENTIAL 


CONFIDENTIAL 


Inst'fo?-!  of  Science  and  Technology 


Ths  Ui'iiversify  of  Michiqon 


DRrit  fiesintancc  • 
Cell  Ciirr^-nt 
Cell  Noise 
Load  Resistance 
Cell  Area 
D»  ( 500°K.  90,  1) 

U*  I  A  ,  ,  9i>,  i ) 
n!f*  *  ’ 


2.3  X  10® 

QO 

w  W  ^  C4 

0.96  /a  volts 
2.5  X  lO''’  ohms 
-2.25  em^ 

7.1  X  10^  rrn  .  cp,S^^^  *  ^ 

,  -  ,*I0  "  1/2  ,  -1 

1.5x10  cm  •  cps  'Watt 


lilt  detector  element  consisted  of  .nine  O.E  x  0.5-ciii  cubes  aiTuiiged  iji  a  square  mosaic.  A  metal 
cone  mounted  outside  the  window  limited  the  field  of  view  to  about  70*^. 

For  cell  temperatures  of  2l‘^K,'*’a  load  of  2.5  megohms,  a  bias  of  250  volts,  and  a  120^  field  of 
view,  D*(500°K,  900,  1)  Is  1.3  x  10^®cm-cps^^^.watt*^,  which  corresponds  to  a  D*  peak  of  D*(.\,  900, 

1)  equal  to  3.6  x  10^^ cm  •cps^'^^  .watt’^.  As  in  the  case  of  Ge-Sl:AuI,  the  21®K  temperature  is  obtained 
hv  using  liquid  iiycixogen.  A  cryostat -de war  package  employing  this  coolant  is  available  from  KCA 
(With  the  cryostat  furnished  by  Air  Prodticts  Corporation,  Allentown,  Pennsylvania).  At  pumped-over- 
Uquid-niirogen  temperature  (about  50°K),  the  D*  500°K,  — ,  1)  value  decreases  to  about  cm  •  cps^'^^- 
watt  D*(500'^K,  — ,  1)  becomes  about  1.5  x  10‘*  cm  ■  cps^**^^  •  watt’^  at  60°r.  D^fSOO^K,  — ,  1)  may 
be  converted  to  jieak  D*  by  the  expression. 

I  °*^^pk’ - .  1)  =  2D‘(500°K, - ,  1) 

These  values  of  D*  ( SOo'^K, - ,  1)  were  obtained  f  rom  7  cells  reported  by  RCA  in  their  quarterly 

progress  report-s  caring  1955  and  1960.  The  data  are  shown  in  Table  5-9. 


Photosshiration  stuiiies  have  not  been  reported  up  to  the  time  of  this  report.  Of  course,  when  the 
cell  is  background-naise  limited,  one  should  expect  a  degradation  in  NEP  with  hicreas'ng  background 
temperature  because  of  the  dependence  of  noise  upon  the  level  of  background  irradtance.  When  the  cell 
is  not  background-noise  limited,  the  NEP  will  be  constant  for  increasing  background  irradiance  until  a 
level  IS  reached  where  background  noise  predominates.  At  this  level  the  NEP  will  behave  as  described 
.above. 

T.he  resistance  ar.d  responsivliy  are  also  functions  of  background  irradiance;  however,  the  data  arc 
mil  vft  available. 
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TABLE  !>-s,  D''i500°K,  — ,  1)  rOR  SEVERAL  (ie-Si:ZnII  CELLS 


Ceil  Number  50^K 

60°  K 

78°K 

Ref. 

AW2S3-5.2%  Si  !  4  x  10® 

b  X  10® 

10^ 

i  1 

.AW2ft4-4.3%  S!  10^®  (f  =  1500  cps)  j 

2  X  10®  (f  -  1500  cps) 

1.5  X  10®  (f  =  1500  cps) 

2 

AW285-3.5%  Si  10^®  (f  =  1500  cps) 

i  .  ,  .  0  .  ;■ 

1  1.0  X  iU  v*  =  loou  cps,! 

.  -  •-«T. 

1  5  X  io  ( i  =  1500  cps)  i 

i  . 

4 

AW286-5.1%  SI  8  X  10®  (f  =  1500  cps) 

1.5  X  10®  (f  1500  cps) 

5  X  lo”^  (f  =  1500  cps) 

2 

AW28P-4.9%  SI  10^°  (f  =  1500  cps) 

10 

1.5  X  10®  (1  =  1500  cps) 

A  1 

1 

AW300-5.5%  Si  |  i.s  X  iy  '  ( f  =  100  cps) 

t  1.5  X  10'  (f  -  100  cps) 

5  X  10‘  (f  --  100  cps) 

,3 

-  .  .  i  .  .  -9 

AW302--l.i';t,  Si  i  (  X  lU  (1  =  100  cps) 

10®  (f  =  100  cps) 

2x10'  ( 1  =  100  cps) 

3 

1.  K.  3.  Lir.g,  Impurity  Activated  Alloy  Infrared  Detectors,  Third  Quarterly  RCA  Progrees  Report, 
Electron  Tube  Division,  Radio  Corporation  of  America.  Harrison,  N.  .1.,  Jamjary  1960 
(UNCLASSIFIED). 

2.  G.  A.  Morton,  Inlrared  Photoconductors,  Eighth  lulerim  RCA  Report,  David  Sarnoff  Research 
Center,  Radio  Cuirporatlon  of  America,  Princeton,  N.  J. 

3.  K.  S.  Ling,  Impurity  Activated  Alloy  Infrared  Detectors,  Fourth  Quarterly  RCA  Progress  Report, 
Electroii  T»h**  Division,  Radio  Corporation  of  America,  Harrison,  N.  J.,  January  1960 
(UNCIa^SSIPIED). 


5.1.3.  Ge-Sl;Aun.  The  variation  of  ionization  energy  of  the  second  level  of  gold  In  the  Ce-Si  sys¬ 
tem  is  shown  in  Figure  S<^9.  Several  detectors  have  been  constructed  from  this  material  with  peak 
detectivities  around  4.5  r  and  long-wavelength  photoconduction  thresholds  of  about  S/i.  The  measure¬ 
ments  on  these  cells  are  presented  in  Table  5-10.  A  typical  relative  response  curve  for  this  materia) 
(about  10%  Sll  Is  shown  In  Figure  5-66. 

5.4.4.  Ge-Si:Zn:AuII.  Adding  two  activating  materials  to  the  Ge-Si  system  leads  to  some  inter¬ 
esting  results  (Reference  5-66).  First,  the  spectral  response  configuration  differs  considerably  from 
that  of  the  detectors  described  above.  The  resulting  curve  appears  to  be  roughly  the  sum  of  the  indi¬ 
vidual  response  curves  lur  the  two  activating  materials.  The  result,  shown  in  Fignire  5-67,  is  a 
response  with  two  peaki .  One  lies  at  4  Oii  'inH  the  .;>ther  around  11  Between  the  intrinsic  edge  at 
1.8^1  and  around  11.5 /i,  the  net  response  is  constant  within  a  factor  of  2.  The  D*  ( 50C°K,  iOO,  1)  for 

8  1'2  8  ’ -1  o 

this  cell  IS  about  1.5  x  10  cm  •  cps  •  watt  *  at  60^K  and  about  8  x  10  cm  •  cps*'  "  •  watt  at  50  K. 

Improvement  in  D*  by  a  facltir  of  2  may  be  achieved  by  chopping  at  higher  frequencies  (around  1500 

rps}. 


144 


CONFIDENTIAL 


I 


L 

i# 


I 

I 

[ 


CONFIDENTIAL 


145 


,  100,1)  (cm  •  cps  '  •  watt 


CO>*iFIDENTIAL 

irijtifure  of  Science  and  Technology 


i  h  s  University  of  Michigan 


riGtHE  5-6fi.  ABSOI.ITE  SPECTRAL  RESPONSE 
OF  Gc-Sl:Aun.  Cell  No.  4«SG3:  Sf.A®  S!;  80®K 


FIGURE  5-t>7.  RELATIVE  SPECTRAL  RESPONSE  OF 
Ge-Sl:Zn.  Aun.  Cell  No.  AW299i  5.3*  Si. 


146 


CONFIDENTIAL 


5.5.  TELLURIUM,  by  Thoiiiai>  Limperis  and  Gwynn  H.  Tuits 

5.5.1.  INTRODUCTION.  The  element  tellurium  was  discovered  by  Muller  von  Richen.'iteirr!  in 
1782  and  later  named  by  Klapro'h  in  1798.  It  was  found  primarily  m  the  fcsF  lii  ui  t€lXur‘tC(C3  of  ^olu 
and  other  metals,  t-j  powaer  form  it  has  a  g'rayish-whlte,  metallic  appearance. 

5.5.2.  PHYSICAL  PROPERTIES.  Tellurium  has  a  melting  temperature  of  449.5  ±  0.3°C  (Refer¬ 
ence  5-88)  and  a  specific  gravity  of  6.24  at  20‘^C  (References  5-33,  5-89,  and  5-90).  Single  crystals 
of  this  material  have  a  rhomboheldral  structure  with  a  Dj  or  D®  space  group  as  expressed  in  the 
Schoenflies  notation.  A  schematic  representation  of  the  structure  is  shown  in  Figure  5-68.  The^atoms 
are  bonded  in  such  a  way  as  lo  form  helical  structurn.s.  These  helices,  when  placed  adjacent  to  each 
other,  make  up  the  crystal.  The  strength  of  the  bond  between  atoms  in  the  helix  is  much  stronger  than 
the  bonding  between  adjacent  helices.  Consequently,  the  physical,  electrical,  and  optical  properties 
display  P  strong  anisotropy.  Table  5-11  lists  two  physical  properties  for  two  orientations  of  the  cry¬ 
stal;  along  the  c-axis  (in  the  direction  oi  the  helices),  and  prependicular  to  the  c-axis  to  shew  tlie 
degree  of  anisotropy. 


FIGURE  5-68.  SCKEMATiC  REPRE- 
5ENT.5T!ON  (JK  THE  Te  CRYST.^.T.. 
(a)  Top  View.  <bj  Side  View  . 
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TABLE  3-1 1.  PHY&.TC.a'l  PROPERTIES 


Crystal 

Linear  Expfmsion 

COiViprcSoiuiiily 

Orientation 

Coefficient  (deg"^) 

!  iim-/ dyne) 

-6 

.  "13 

C“AXiS 

-1.6  X  10  . 

-4.1  X  10 

c-axis 

2.72  X  10"^  i 

-12 

2.8  X  10 

.1 

Thei-s  are  a  eumber  o,?  ways  of  preparing  tellurlunj  single  crystals,  but  the  two  most  common 
techniques  are  those  of  Czochralski  (Reference  5-91)  and  Bridgman  (Reference  3-92).  In  the 
Czochralski  metiiod.  a  small,  single  crystal  of  tellurium  is  lowered  into  a  crucible  filled  with  the 
molten  element.  The  temperatures  are  controlled  eery  carefully  so  that  the  molten  material  begins 
(•>  solidify  slowly  at  the  interface  between  the  seed  and  the  melt.  The  seed,  while  rotating  slowly,  is 
gradually  raised  until  a  large  single  crystalline  boule  develops.  This  technique  has  been  used  by 
Weidel  (Reference  5-93),  Keezer  (Reference  5-94),  and  Davis  (f^eference  5-95).  Boules  2  cm  in 
diameter  and  7  cm  long  ( Figure  3-69)  have  been  pulled,  and  a  high  degree  of  crystal  perfection  has 
been  obtained.  The  difficulties  encountered  in  this  technique  seem  to  be  in  properly  controlling  the 
temperatures  and  obtamirig  good  seed  material.  In  the  Bridgman  method,  chunks  of  bulk  tellurium 
arc  placed  In  a  long,  thin,  horizontal,  crucible  boat.  '  At  one  end  of  the  beat  a  single  crystal  seed  is 
inserted.  Heat  is  applied  at  the  seed-bulk  interface  until  the  materia]  melts,  ilie  boat  is  then  moved 
gradually  so  that  the  molten  region  travels  from  the  seed-bulk  interface  to  the  oliposite  end.  I'he 
degree  of  perfection  of  single  crystals  prepared  ir.  this  manner  has  been  relatively  low.  A  third 
method  used  at  V/RL  (The  University  of  Michigan's  Willow  Run  Laboratories,  now  the  Institute  of 
.‘Iciem  e  and  Technolngy)  is  the  vapor -deposiUon  technique.  Here  the  bulk  tellurium  is^heated  at  one 
cnc  of  a  long  tube,  containing  low  pressure  H2;  it  is  condensed  in  some  region  faripher  along  on  the 
wans  01  uie  luoe.  inis  method  requires  good  control  of  the  temperature  gradient  ^iong  the  b.ibe. 

The  crystals  produced  range  from  1  mm  5  mm  to  2  mm  x  R  mm  and  can  be  usedjdlrcctly  as  photo¬ 
detector  elcment.s  or  as  seed  material  lor  the  two  method.s  deaciioed  above. 

The  bc.st  crystals  grown  by  the  Czochralski  method  have  as  good  detector  properties  as  the  cry¬ 
stals  grown  from  tlic  vajior  phase.  However,  die  growth  of  good  crystals  by  the  vapor -deposition 
technique  is  more  easily  accomplished  and  require.s  very  little  capital  equipment  in  comparison  to  the 
CzoeiuHiski  nieihod.  For  tne  person  who  wishes  to  make  a  few  of  his  own  tellurium  photodetectors  , 
without  entering  into  large-scale  production,  the  vapor -deposition  method  would  be  the  quickest  and 
would  require  the  least  commitment  of  time  and  money.  On  the  other  hand,  controlled  doping  and 
large-scale  preparation  of  good  tellurium  try.stals  are  probably  best  done  by  the  Czochralski  method 
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■  Single-crystal  telh  rium  is  very  soft.  It  is  easily  scratched  and  bent.  It  cleaves  parallel  to  the 
c-axis,  but, it  is  difficult  to  cut  or  cleave  perpendicular  to  the  c-axis  without  inducing  local  fractures. 
Siiigle  i!i  ysraic  grown  from  vapor  or  the  melt  have  a  riietallic  luoti  e  and  a  strong  tendency  to  ex.hibit 
natural  crystal  faces. 

Soldering  to  tellurium  can  tie  done  by  using  an  acid  flux  and  bismuth  metal  followed  by  any  good 
lead-tin  solder.  Welding  wire  leads  is  easily  done  by  pressing  hot  wires  against  the  tellurtum  crystal. 
Evaporated-eo’d  fontuct.s  tim  be  made  to  hold  quite  wcil  by  standard  methods.  Vacuum  evaporation  of 
tellurium  is  easily  accomplished  by  standard  means. 

2 

Because  of  the  anisotropy  oi  thermal  expansion  of  tellurium,  large  sections  (about  25  mm  )  of 
tellurium  cannot  be  mounted  rlgloly  {against  a  thermal  sink,  but  must  be  mounted  by  fixing  only  an 

I 

edge  or  corner  of  ttie  crystal  to  the  theTmal  sink  to  avoid  fracture  of  the  crystal.  Isonrigid  mountlnff 

li 

using  silastic  can  be  used  for  large  area  crystals. 

5.5.3.  ABSORPTION.  Lolerski  (Reference  5-96)  and  Nomura  and  Biakemore  (Reference  5-97) 
have  measured  the  bifrared  absorption  of  single  crystals  with  two  orientations  of  the  electric  vector 
of  the  incident  light.  Electric  fields  perpendicular  and  parallel  to  the  c-axis  were  used.  The  results 
are  given  in  Figure  5-70.  The  variation  in  percentage  of  itransmission  of  5-p  radiation  with  the  angle 
between  the  electric  vector  and  the  c-axis  is  given  In  Figure  5-71.  The  absorption  coefficient  for 
unpolarlzed  incident  light  should  lie  aomewiiere  between  the  'wo  extreme  values  obtained  with  the 


0.2  0.3  0.4  0.5  ANGLE  BETWEEN  r-AVT.9  ANTTi  f  VECTOR 

hk  (ev) 

FIGURE  5-71.  TRANSMISSION  OF  A  TYPICAL  Te 
CRYSTAL  VS.  ANGLE  BETWEEN  THE  C-AXIS  AND 

FIOrRE  '1-70.  OPTICAL  TILVNSMISSION  OF  A  Te  THE  E  VECTOR  OF  THE  INCIDENT  POLARIZED 

SAMPLE  AS  A  FUNCTION  OF  PHOTON  ENERGY  PlADLATION.  -X  -  m. 
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perpendicular  and  parallel  polarized  light,  values  oi  absorption  constant  between  10  and  10  cm 
in  ilu  1-  to  3-11  spectral  region  have  been  obtained  by  Moss  ;Reierenc8  5-98)  by  measuring  the 
tran.i.midsion  through  thin  film. 

The  position  oi  the  absorption  edge  is  a  function  of  both  the  temperature  and  presi^ire,  Loferskl 

-5  0 

lound  a  temperatui  e  dependence  of  -7  x  10  ev/  C.  The  negative  sign  implies  that  the  edge  moves  to¬ 
wards  longer  wavelengths  with  inci-snoing  temperature,  "cuririger  (KcXci  euce  ii-99)  has  louna  a  pres- 

*'1  5 

sure  dependence  of  the  absorption  edge  (EilC)  of  -1-9  x  ev/atom. 

5.5.4.  BAND  GAP.  The  band  structure  of  Te  cannot  be  described  adequately  by  a  simple  band 
ptctu?!e  where  a  valence  band  is  i^parated  from  a  single  conduction  band  by  the  forljildden  zone  (or 
band  gap).  The  absorption  sjlectrum  suggest  a  more  comple.x  structure.  IMscusslons  of  presently 
accepted  i.iand  pictures  of  tellurium  along  with  references  to  the  original  work  are  presented  by 
Moas  (Kei'erence  5-lOC,  ?p.  173-175).  No  attempt  will  be  made  to  discuss  this  point  in  detail  here, 
since  it  is  beyond  the  scope  of  this  report.  Reitz  t Reference  5-101)  has  calculated  the  electronic  band 
structure  of  tellurium  and  selenium.  In  his  approach  only  nearest-neighbor  Interactions  were  consid¬ 
ered  important.  Keitz  started  with  a  hypothetical  chain  having  90°  bond  angles  and  cansldsfed  the 
transition  to  actual  bond  angles  fl02°)  as  a  perturbation.  In  agreement  with  experiment,  his  calcula¬ 
tions  lead  to  two  long-wavelength  absorption  edges,  depending  on  the  polarization  of  the  .incident  light 
with  respect  to  the  c-axis. 

Measurements  on  the  temperature  variation  of  conductivity  and  the  Hall  coefficient  yield  an  energy 
gap  value  of  0.33  e  0.01  ev.  This  value,  as  destufibed  in  the  preceding  section,  Is  a  function  of  the  tem¬ 
perature  and  pressure  of  the  crystal. 

me  aadition  ol  selenium  to  the  tellurium  has  an  effect  of  increasing  the  band  gap;  consequently, 
the  photocoiiuuciive  properties  are  also  altered.  An  investigation  of  this  work  along  wlUi  Uie  effects 
of  doping  are  presently  being  studied  at  The  University  of  Michigan. 

5.5.5.  REFRACTIVE  INDEX.  The  refractive  index  of  tellurium  films  was  investigated  by  Moss 
(Reference  5-102),  while  Hartig  and  Loferski  (Reference  5-103)  and  Caldwell  (Reference  5-104)  in- 
itsligai.eu  iiie  reiractive  index  of  bulk  crystals.  The  results  of  the  crystal  studies  are  shown  in 
Fiuurt  5-72  Here  the  anusotropic  behavior  in  teilurium  is  again  evident.  The  refractive  index  is 
relatively  constant  between  4  and  14 p,  but  a  considerable  difference  is  seen  between  the  refractive 
indices  for  the  two  polariz.aiionb  of  the  electric  vector . 
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riGURE  5-72.  SPECTRA!  DEPENDENCE  OF  THE 
REFRAGITU’E  INDEX  IN  Te  CRYSTALS 

5.5.6.  TELI.URIUM  AS  A  DETECTOR.  Early  investigations  of  the  photoconductlve  properties  of 
this  element  were  carried  out  on  thin  deposited  films.  In  the  latter  part  of  1948,  Moss  (Reference  5- 
105)  prepared  several  of  these  films  using  a  vacuum  deposition  technique.  He  found  the  films  photo- 
conductive  when  cooled  fo  liquid-nitrogen  temperatures.  The  measured  NEP’s  (noise  equivalent 
powers)  were  quite  poor,  with  time  constants  ranging  between  300  and  lOOO  psec.  Fukuroi  et  al. 

(  Relereiice  5-lOG)  liave  made  extensive  measurements  ol  ti  e  photoelectric  properties  of  tellurium 
single  crystals  grown  by  the  Bridgman  method;  however,  the  principal  aim  of  this  work  was  to  mea¬ 
sure  the  photoelectric  properties  and  not  necessarily  to  produce  mirared  detectors,  in  luse.  Suits 
(  Reference  5-107)  reported  the  fabrication  and  measurement  of  slngli^-ci^i'ital-tellurlum  photoconduc¬ 
tors,  Later,  in  1960,  Butter  and  McGlaughlin  (Reference  5-108)  ;ol  the  Honeywell  Ordnance  Division, 
Hopkins,  Minnesota,  reported  fabrication  of  tellurium  detectors  as  a  military  product.  The  properties 
of  resistaru  e,  Fpei  tial  re.siV:-nBe,  iiine  Co-  siani.  noise  spectrum,  and  detectivity  of  today's  tellurium 
detector  are  descitbed  below  in  detail. 

5. 5. 6.1.  Resistance.  Single-crystal-tellurium  detectors  are  characterived  by  a  rather  low  dark 
I  e5isiain.c.  Values  of  2CG0  ohros  per  square  at  liquid-nitrogen  temperatures  are  considered  average 
tiibay.  The  term  per  square  implies  that  the  length  of  the  crystal  is  equal  to  the  width.  Consequently, 
f. gc  "iv.i  tries  'thi  r  than  squ.irf,  one  needs  only  to  multiply  2000  by  the  new  length-to-width  ratio  to 
predict  ihe  dark  resistance.  Hesis.tanc.e  values  of  this  maajni'.ude  require  crystals  with  a  high  degree 
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ol  perfection,  and  proper  handlitig  techniques  to  prevent  stressing  Lhe  crystal  and  iniioducing  disiooa 
\iuns  wiiicii  arfeci.  the  re.sist’.v’ty  and  carrier  litetime. 


5. 5. 6. 2.  Time  Constant.  Measurements  of  tlie  liXetlmc  of  charge  can  iers  in  single  crystals  of 
telluiiuni  have  been  made  by  de  Carvalho  (Reference  5-109)  using  the  PEM  effect.  Be  found  values 


Tf  timp  corist?ir?t  ^ t'  of  ! 

I':' 


-8 


nccGitd,  andi  uic  eiyauu,  a  1  apisi  iiici'eaee  m  t  resulted. 


Near  room  tem^rature  r,  followed  the  relalioushlp 

TOeexpE/kT 


where  E  is  the  energy  gap  which  is  about  0.33  ev.  Time  constants  of  tellurium  photoconductlve  detec- 

■■  o 

tors  are  aixiut  60  pspc  at  77  K.  Three  tellur  km  detectors  have  been  sent  to  NOLC  for  testing  (Ref¬ 
erences  5-87,  5-110,  and  5-111).  One  was  from  WRL  (1959)  end  the  other  two  were  from  the  Minne¬ 
apolis -Honeywell  Regulator  Company.  The  detector  irom  M'RL  utilized  a  .por-pheae  crystal.  w.hUe 


the  other  two  were  prepared  by  the  Czochralski  method.  The  relative  response  as  a  function  of 
chopping  frequency  for  these  three  cells  ip  ahovni  in  Figure  5-73.  The  effective  time  constants  of 
these  cell.s  can  be  calculated  by  the  expre.salofi 


where  f  is  the  frequency  at  which  the  response  degrades'3  db  from  the  maximum  value.  Butter  ajid 
McGUuglilin  report  good  agreement  between  and  the  time  constant  measured  by  the  radiation- 
pulse  technique,  where  one  observes  the  photocurrent  decay  time.  The  average  detectors  constructed 
at  WRL  display  time  constants  of  about  50/isec  at  77°K. 
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Noise.  The  nnt'jp  froq”ei;cy  sp(?ct:um  af  the  Uiree  cells  described  above  is  shown  in 

Figure  5-74.  I'he  noise  is  characterized  by  a  1/f  power  spectruiii:  (except  for  cell  A  which  follows 

2^3  *  3 

1/ f‘'  ^).  Generation-recombination  noise  begins  to  dominate  around  10  f,ip.s.  Measurements  (Refer- 

ence  5-112)  made  ou  one  sek-Lied  cell  from  WRL  indicated  that  the  cell  was  background-noise  limited 
when  ch^oped  at  5000  cps.  Private  communications  with  McGlaughlln  of  Minneapolis -Honeywell  in¬ 
dicate  tiiat  they  have  aiso  constructed  cells  limited  by  background  noise. 


FIGURE  5-74.  NOISE  SPECTRUM  OF  Te 

b. 3.0.4.  Oetepiivity.  Shown  in  Figure  5-75  are  the  spectral  dependence  of  D*(A,  90,  1)  for  the 
three  ceils  described  above.  Cel!  A  i.=  tyniral  of  t.h“  production  model  available  fium  Iviianeapolis- 
Honeywell."  The  other  characteristics  of  these  cells  are  given  in  Table  5-12.  It  should  be  noted  here 
that  the  d.ata  shown  in  Figure  5-75  were  taken  at  a  chopping  Irequi'incy  of  90  cps.  An  examination  of 
iiie  relative  resuonse  and  noise  (Picyirec  5-7?  2nd  5  74,  rcapcctivelv)  buHeales  i'nni  nr  ufi  rps  the 
noise  iimiiaiion  is  1/  I  '  ,  and  that  chopping  at  higher  frequencies  will  lead  to  a  lower  noise  voltage 

without  affertinkthc  Hetoctcr  rrcponsc.  For  cell  A,  imreasing  the  chopping  Irequency  from  90  cps 

-7  -8 

to  2000  cps  would  decrease  the  noise  from  10  volt  to  4.5  x  10  vo!!:  (about  a  factor  of  2).  The 
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nCURE  5-75.  ABSOLUTE  SPECTRAL  RilSPONSE  OF  Te 


relatis'e  response  remains  unchanged.  Therefore,  the  detectivity  would  increase  by  a  factor  of  2.  A 
similar  treatment  of  cell  B  would  lead  to  an  increase  fn  detectivity  by  a  factor  of  t  Th-n  of  ' 

would  place  cell  B  only  a  factor  of  5  from  the  theoretical  limit  of  detectivity.  The  theoretical  limit  is 
calculated  by  assuming  that  all  the  noise  is  caused  bv  the  random  arrival  of  photons  from  a  300°K 
background.  This  value  is  5  x  lO^^cm-cps^^^-watt”^. 

Figure  5-76  is  a  histogram  of  20  detectors  constructed  from  crystals  grown  by  the  vapor-phase 
method.  These  cells  represent  the  early  tellurium  detector  work  at  WRL.  The  number  of  cells  Is 
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SOO'^K  BLACKBODY  NEP  x 
10‘^°  WATT 


FIGURE  5-7t>.  BL.\CKBODY  NET  DISTRIBU¬ 
TION  FOR  1/2  X  1/2-MM  Te  DETECTORS 


plotted  as  a  function  of  NEP(500^k,  90,  1).  All  the  cells  had  sensitive  areas  of  1/2  x  1/ 2  mm*.  D* 
is  related  to  NEP  by  the  expression, 


D*(50«°K,  90,  1)  =■ 


/A/M 

NEP(500°K,  90,  1) 


Therefore,  the  best  U*  (  500*^K,  90,  1)  value  recorded  wits  about  1.3  x  lO^cm  •  •  watt  This  cor- 


■ . PK  '  „ 

between  peak  D*  and  D*  (600°  K)  is 


^  ^  T  ^  w^itt  For  telh''*i^i^  i-Kn 


D*(A  ,  ,  90,  1)  =  16  X  D»(500  K,  90,  1) 
pk 


Thp.depradatinn  of  D*  due  to  intense  thermal  backgrounds  has  not  been  determined  conclusively 
as  yet;  however,  preliminary  results'*  indicate  that  D*  degrades  by  a  factor  of  5  for  background 

n  '2 

lov^Jis:  nf  ;»nniit  n>  ♦artprnvp  watts/ rm  ,  Fffer.tivp  implies  that  only  those  background  photons  are 
(.onsiuered  which  cause  band-lr/-band  transitions  in  the  tellurium  detector. 


■^T.  Limperis  and  \v.  wolie.  insiiiuie  oi  bcience  and  Technology  ol  The  University  of  Michigan. 
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In  summary,  the  advantages  of  tellurium  are; 


(1)  large  quantum  pffirienpy 

( 2)  advanced  state  of  the  art 

The  quantum  efficiency  is  high  since  tellurium  is  an  intrinsic  detector  (i.e.,  photons  produce  charge 
carriers  via  band-to-band  transitions).  The  high  refractive  index,  however,  leads,  to  a  reflectivitv 
of  about  50%.  Tnis  luiS  can  be  overcome  by  antircflection  coating. 


(3)  relatively  short  time  constant 

(4)  a  propttluus  spectial  response 


The  value  of  detectivity  for  typical  commercially  available  tellurium  detectors  Is  5  x  10 

1  ^  '5  _  1 

cm-cps  '  “watt  *.  This  is  only  a  factor  of  10  from  Uie  theoretical  limit,  which  implies  an  advanced 
state  of  the  art. 


A  typical  time  constant  is  about  60/isec,  which  Is  relatively  short  and  Indicates  a  satls^^tpry 
information  capacity,  for  some  applications.  >  * 

Figure  5-77  shows  the  tellurium-detector  spectral  response  located  at  a  minimum  of  the  spectral- 
emlsaion  curve  for  a  clear  summer  daytime  sky  (Reference  5-113).  This,  coupled  witJi  the  fact  that 
the  atmosphere  has  an  infrared  window  between  3.3  and  4.1  p,  makes  tellurium  an  interesting  detector 
.material  for  some  infrared  system  applications. 


FIGITIE  5-77.  Te  RESPONSE  AND  SKY  EMLS.SION  \a. 
WAVELENGTH 
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5.6.  INDIUM  ARSENIDE,  by  Thomas  Limperis 

Lodium  ai  escnidc  is  an  intermetallic  semiconductor  lOi  ir.ed  from  elements  in  the  third  and  fifth 
coluiTi**'  of  the  pc**iotJAC  ttihio  Tt  hss  s  ZlPC  hlcjidc  st**v Ml**'  ^  o  ^o**1e^d?J***' 

gap  small  enough  to  allow  band-to-band  absorption  in  the  near-infrared  vviiiuaA  (2-5  .u).  For  the  past 
liiree  years,  the  Research  Division  of  Phiico  Corporation  has  been  active  in  developing  an  uncooled 
infrared  quantum  detector  from  this  material.  The  characteristics  of  this  detector  are  presented 
in  detail  later  in  this  section. 


5.6.1.  ABSORPTION.  The  room  temperature  absorption  spectrum  has  been  determined  by 

Oswald  and  Schade  (Reference  5-115)  by  measuring  the  transmission  and  reflection  from  a  single 

-3 

crystal  of  InAs  with  resistivity  of  approxinnately  10  ohm -cm.  The  results  are  presented  in 
Figure  5-78.  This  spectrum  indicates  an  optical  band  gap  of  0.33  ev.  The  increase  in  absorption  at 
wavelengths  longer  than  4.0  M..fs  due  primarily  to  photon  absorption  byTree  carriers. 

5.6.2.  REFRACTIVE  INDEX.  The  refractive  index  as  a  lunction  of  wavelength  is  presented  in 
Figure  5-  79,  These  deta  were  also  obtained  by  Oswald  and  Schade  (Reference  5-115).  They  Indicate 
a  refractive  index  oi  arotind  3.2  in  the  region  of  4  to  15  p. 

5.6..J.  BAND  GAP.  The  forbidden  band  was  determined  in  two  ways.  First,  the  position  of  the 
absorption  edge  yields  wliat  is  referred  to  as  an  optical  band  gap  (or  band  gap  determined  by  optical 
measurement).  This  value,  as  stated  above,  is  around  0.33  ev  at  room  temperature.  The  forbidden 
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was  also  deter, Ttined  by  rneasuremeats  of  the  temperature  dependence  of  resistivity-  This  ia- 
vestigation  by  Foloerth  et  at.  (Reference  5-ii6)  yielded  a  value  of  0.45  t  0.02  ev  at  0”K. 

The  temperature  dependence  ol  the  forbi-ideii  band  was  determined  by  Oswald  (Reference  5-11"). 

-4 

He  found  that  it  followed  the  rtelationshin  t  =  0.45  -  3.5  x  10  T,  where  T  is  the  sample  teiooera- 

‘  6 

ture  in  degrees  Kelvin.  The  room -temperature  band  gap  calculated  from  the  resistivity  measure¬ 
ments  is  0.35  ev,  which  is  in  good  agreement  with  the  optical  measurement  reported  above. 

The  variation  of  bandwidth  with  temperature  Is  shown  in  Figure  5-80,  and  the  absorption  spectra 
at  different  temperatures  are  presented  m  Figure  5-81.  These  data  were  taken  using  an  indium 

-3 

arsenide  crystal  with  a  2.5  x  10  -ohm-cm  resistivity. 


I 

E 
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FIGURE  5-80.  ENERGY  GAP  VS.  TEMPERA-  FlGintE  5 -81  -  ABSORPTION  SPECTRUM  OF 

TURE  FOR  InAa  InAs  WITH  TEMPERATURE  AS  A  PARAMETER 

5.8.4.  SPECTRAL  RESPONSE,  netecters  prepared  from  this  material  are  oferated  in  the 
photovoltaic  mode,  using  a  p-n  junction.  There  are  three  .fabrication  methods  investigated  by  Philco 
for  the  preparation  of  indium  arsenide  p-n  junctions.  They  are; 

(1)  Alloying  of  dopani  to  form  a  p-n  junction. 

(2)  Alloying  ol  a  chemically  deposited  dopant  to  form  a  junction 

(3)  Tn-diffusion  of  dopant  to  iorm  a  junction. 

The  first  involves  heati.ng  a  region  of  the  n-type  semiconductor  base  material  to  its  melting  tem¬ 
perature.  A  quantity  of  p-typ<-  dopant,  either  cadm'um  or  zinc,  is  dissolved  in  the  meited  region, 
and  the  material  is  refrozen. 
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T;iti  seccna  method  utilizes  a  teaiperatuic  below  the  melting  point.  A  dopant,  or  solvent  con  ¬ 
taining  the  dopant,  is  used  to  dissolve  a  layer  of  the  n-type  niaierial,  which  is  cooiei!  so  that  most  of 
the  solvent  malciial  is  reiectoti  from  t.he  freezing  volume  leaving  a  p-type  layer  on  the-  surface. 

The  in-uiffusion  method  consists  of  heating  the  In  or  As  base  material  m  an  atmospises e  of 
cadmium  or  zinc  allowing  the  dopant  to  diffuse  into  the  surface.  The  formation  of  p-n  junction  by 
out-diffusion  is  done  by  heating  the  semiconductor  in  a  high  vacuum  to  a  temperature  jusi  below  its 
.melting  nninf  impurity  atoiiiB  liifiuse  ro  rne  surface  of  t.he  sample  and  then  evaporate.  If  the 

rate  of  evaporation  is  adjusted  properly  a  junction  will  form. 

In  each  of  the  methods  just  described  a  p-type  layer  is  formed  on  the  n-type  base  material.  These 
layers  are  apprcs:imately  U.00G5  inch  thick.  Heads  are  attached  to  the  two  surfaces,  and  a  photovoltage 
is  generated  when  photons  of  the  proper  wavelength  are  absorbed  in  the  indium  arsenide.  The  spectral 
characteristics  of  this  photovultage  are  dependent  ujwn  the  p-type  material  used  In  the  fabrication.  For 
comparison,  the  spectral  response  of  a  zinc  alloy  and  a  cadmium-diffused  cell  are  presented  in  Figures 
5-82  and  5-83,  respectively.  The  spectral  resfionse  curve  for  an  out-diffused  InAs  cell  is  the  same  as 
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tor  a  zinc-ail'  yf  d  sample.  These  cells  were  manufactured  by  Pnilco,  and  their  characteristics  were 
measured  by  NOLC  (Reference  5-110).  ' 

5.6.5,  TIME  CONSTANT.  The  time  constant  of 'these  detectors  is  less  than  2  (isec.  This  value 
was  determined  from  the  data  published  by  Philco  in  their  series  01  progress  reports  and  from  the  four 
tieiectors  sent  to  NOLC  by  Phtlco  tor  cell  'estmg. 

Intel  e.'.tingiy  enuugii,  no  dclectabic  change  in  time  constant  occurs  when  cooling  the  cell  to  dry-ice 

ie  mpp  i*?.t  ri  j' p  ^ 

5  6.6.  RESISTANCE.  Since  the  photovoltaic  mode  is  always  used,  the  dark  resistances  reported' 
in  the  literature  are  either  front  resistance,  Rj,  back  resistance,  or  dynamic  resistance,  R^. 

NOLC  reports  tiie  dynamic  resistance.  Ti.e  average  value  of  dynamic  resistance  for  the  four  cells 
reported  was  25  ohms.  'This  is  a  very  low  input  re.=l9tsnoe  for  any  preamplifier,  and  consequently 
trajustormer  coup'ing  is  required.  The  transformers  used  by  NOLC  were  UTCHA  KidA's  which  have 
a  2.5-chm  primary.  Upon  cooling  the  cell  to  dry-ice  temperatures,  tlie  dynamic  resistance  increases 
to  a  value  above  20,000  ohms. 

Average  values  of  the  front  and  back  resistance  (determined  from  the  Philco  data)  are:  Rj  £ 

2.0  ohms,  and  £  40  ohms.  The  production  models  today  have  dynamic  resistances  between  200 
and  400  ohms.** 

The  dependence  ol  cell  resistance  upon  the  level  of  background  Irradiance  has  not  been  reported 
up  to  the  time  of  this  report. 

5.6.7.  NOISE.  The  noise  voltage  spectrum  for  a  typical  cell  is  presented  la  Figure  5-84.  The 
1/f  noise  component  is  predominant  out  to  about  80  cps,  after  which  the  significant  contribution  is 
shot  noise.  Since  the  time  consf.nnt  is  so  short,  liic  ladiatioii  may  be  chopped  anywhere  irom  80  cps 

to  around  100  keps  withe  .  liie  signai-to-noise  ratio;  however,  beyond  this  point,  the  respon- 

oivuy  uccicasea  wiiii  L. Creasing  frequency,  and  con.sequentiy  a  degradation  in  D*  results. 

5.6.8.  DETECTIVITY.  Thirty-seven  room -temperature  InAs  detectors  have  been  reported  to 
udte,  all  cuiistrucieu  by  Phiico,  Tney  include  detectors  prepared  by  the  three  methods  of  fabrication 
discussed  in  Section  5.6.4.  Of  these,  33  were  reported  in  their  periodic  progress  reports,  while  the 
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FKilTlE  .3-84.  roLSE  SPECTRUM  FOR  A  TYPICAL  LiAs 
CELL 

other  four  detectors  were  tested  at  NOLC.  The  averai^e  value  of  D*  (500^^14,  VSO,  1)  was  O.B  t  O.b 

8  !  '"T  1  9  1/2  “1 

X  10  cm-cps  “-watt  .  This  corresponds  to  a  D*  (X  .  ,  750,  1)  of  1.6  x  10  cmcps  .watt  . 

pk 

9  1/2  - 1 

The  bast  cell  of  the  group  had  a  D*  (Xpj^,  750,  1)  of  3.6  x  10  cm  ■  cp.s  •  watt  .  Cholet  (Reference 

5'  1 18)'*  states  that  with  improved  construction  techniques,  D*  (X  ,  750,  1)  ^i^ould  increase  by  a 

PK 

1 0  X/2  “  1 

factor  or  6,  or  the  average  cell  D*  (X  .  ,  750,  1)  would  becotne  about  10*  cm-cps  "  .watt  .  The 

2  2 

sensitive  areas  of  these  cells  range  in  size  from  0.25  nm  to  7.0  mm  . 

The  temperature  dependence  of  D*  is  illustrated  in  Figure  5-85.  It  is  apparent  that  an  optimum 
operating  temperature  exists  near  the  temperature  of  dry  Ice.  The  D*  value  at  this  optimum  temper¬ 
ature  IS  better  by  a  tactor  of  three  than  the  D*  measured  at  300°K. 

Attempts  at  immersion  have  been  made  by  Philco  in  the  following  way:  the  sensitive  element  was 
irr.mci  .sect  in  Q  dope  (polystyrene)  and  a  sapphire  lens  was  attached.  The  spectral  response  of  this 
ui.it  ..  siiuiii;  absorpti-.i  b„....  ...  jund  3. op  caused  Dy  the  polystyrene.  Preliminary  measure¬ 

ments  with  iow-melting  ternary  glasses  as  an  immersion  medium  have  given  excellent  results;  how¬ 
ever  these  data  have  not  yet  been  published. 


“According  to  private  communications  with  Dr.  Cholet,  the  average  D*  (.X  .  ,  8U0,  1)  of  today's 
InAs  cell  is  about  5  x  10-  cm  -  cps^ '  ^  ■  watf^,  ^ 
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5.7.  INDIUM  ANTIMONIBE,  by  Joseph  Mudar,  Thomas  Limperi.s,  and  William  L.  wolfe 

5.7.1.  INTRODUCTION,  liniil  the  early  i950's,  the  eraphasts  or.  Infrared  photudeteelor  develop¬ 
ment  w.'.*:  centered  on  thin.  polycrvsiaUiiie  films  of  the  lead  salts,  PbS,  PbSe,  and  PbTe.  The  advance- 
mentof  solid-state  physics,  particularly  eemicondiictors,  led  toihe  succt;saiui  developniii.t  of  a  number 
of  techniques  for  the  preparation  of  pure,  synthetic,  single  crystals.  These  crystals  were  considered 
as  potential  infrared  detectors.  Shive  (Reference  5-119)  described  such  detectors  marie  nf  jermantem 
in  1950.  However,  the  spectral  response  was  limited  to  the  intrinsic  absor  .'  an  region  of  Ge,  namely 
wavelerigths  .shorter  than  1.75.u. 

There  are  two  obvious  ways  to  extend  the  spectral  response  of  bulk  detectors  to  loiige;  wave¬ 
lengths.  The  first  is  co  add  impurities  which  introduce  allowed  electron  energy  levels  in  the  forbidden 
gap,  and  the  second  is  to  choose  materials  which  have  a  sn^aller  intrinsic  band  gap.  The  impurity 
approach  has  been  used  extensively  with  Ge.  and  is  described  ee  ,r  in  this  report.  The  choice  of 
other  materials  which  have  appropriate  band  gaps  has  led  to  detectors  fabricated  from  Te,  InAs,  InSb, 
and  GaAs.  InSb,  one  ot  tin*  most  interesting  of  all  semiconductors,  because  ul  its  unusual  properties, 
is  the  subject  of  this  section.  It  is  one  of  the  intermetallic  compounds  made  up  of  elements  from 
column  HI  and  column  V  of  the  periodic  table.  Many  of  Its  properties  are  similar  to  the  properties 
of  its  neighbors  In  column  IV,  (e.g.,  .Si,  Ge,  and  Sn).  Since  In  and  5b  are  in  the  same  period  as  Sn, 

InSb  should  have  many  properties  similar  to  Sn - and  it  docs. 

WeUter  (Heierences  5-120  and  0-121)  made  extensive  measurements  on  the  electrical,  optical, 

and  mechanical  properties  of  single-crystal  InSb.  These  measurements  showed  that  some  properties 

2 

of  the  material  have  extreme  values.  (For  instance,  the  electron  mobility  is  very  high - 60,000  cm  • 

volt''-.sec‘^ - at  300°K.) 

5.7.2.  PHYSICAL  PP.OPEKTIES.  Indium  antimonide  .has  a  gray,  metallic  appearance,  very  much 
like  mi.  u  urybuiiilies  in  me  rinc-oienoe  structure,  has  a  melting  temperature  ol  523“C  at  1  atmos- 
piiciir,  uiiu  u  speciiiL  gi  uviiy  oi  0.(0  at  room  temperature.  It  exists  only  as  a  solid  under  standard 
conditions  of  temperature  and  pressure;  in  the  molten  state  it  is  an  ideal  solution  of  In  and  Sb. 

5. 7. .3.  OPTICAL  PROPERTIES.  The  optical  absorption  has  been  measured  by  Moss,  Smith,  and 
Hawkins  (Reference  5-122).  They  mea.siired  the  external  transmittance  of  a  r.u.mbcr  of  very  thin  slices 
of  a  single  crystal  of  pure  material.  Their  results  are  shown  in  Figure  5-86.  The  absorption  edge 
uiefmeef  as  the  point  of  niaxfmuri  slope)  is  seen  to  be  6.94  p  at  room  temperature.  This  corresponds 
to  0.175  cv  f'.r  the  liand  gap. 
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The  position  of  the  ttbsorption  edge  is  strongly  dependent  upon  the  temperature  and  the  concentra¬ 
tion  of  n-tvpe  impurity. 

The  apparent  nptica!  eoprgv  aao  of  indium  antlmonide  as  a  function  of  electron  concentration  (as 
calculated  by  Kaiser  and  Fan  in  Reference  5-123)  is  shown  in  Figure  5-87.  It  is  noted  that  for  concen- 
Uatlons  below  iO  cm  the  room-temperature  absorption  limit  lies  at  0.18  ev  or  7  u,  implying  ab- 
.snrption  transitinns  that  are  intrinsic  in  nature  For  eytri.!*:!!'  carrier  concentrations  varying  from 

■I0_0 

10*'  cm.  to  5  X  lO**  cm  “i  the  absorption  edge  moves  from  0.18  ev  to  approximately  0.50  ev,  which 
corresponds  to  a  wavelengt.b  shift  from  7.0 p  to  2.5  p.  This  behavior  is  anomalous,  in  most  semicon¬ 
ductors,  impurity  centers  decrease  the  optical  energy  gap  and  therefore  shift  the  absorption  edge  to 
longer  wavelengths.  This  unusual  behavior  is  explained  by  BursteiD  (Reference  5-124),  who  postulates 
ttiat  lower  sUtes  oi  the  conduction  band  are  progressively  filled  by  electrons,  so  that  absorption  transi¬ 
tions  can  only  take  place  to  the  higher,  empty,  conduction -hand  states. 

The  variation  of  the  optical  energy  gap  with  temperature  might  best  be  understood  by  examining 
the  band  structure  as  a  function  of  lattice  spacing,  which  Is  shown  in  Figure  5-88.  The  normal  lattice 


ELECTRON  CONCENTRATION  (cm 


FIGURE  3-87.  APPARENT  OPTICAL  ENERGY  GAP 
OF  InSb  AS  A  FUNCTION  OF  ELECTRON  CONCEN¬ 
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spacing  is  that  .spacing  '.vhich  c-xiats  wSifcn  the  material  is  at  room  temperature.  As  the  temperature 
decreases,  tlie  iattice  spacing  decreases,  tliereby  yielding  an  increased  value  for  the  energy  gap.  Also, 
there  is  a  iiarrowing  of  the  va'ence  and  conduction  bands  due  to  an  electron-lattice  interaction  which 
also  yields  a  .higher  valub  for  the  energy  gap.  The  net  result  of  those  ph< Ti;ometi.t  is  shown  in  Figure 
5-S9.  .\t  room  temperature  ilie  energy  gap  is  0.175  ev.  In  the  temperature  range  from  300°K  to 
lUO  K  die  change  is  linear  with  a  slope  of  -3.3  x  10  ^  ev/'^K  (Reference  5-100,  p.  230).  Below  IOO^’k 
the  energy  gap  is  es.sectiarly  constant,  changing  only  0.0b  ev  for  a  AT  of  100°K. 

Mcasureiiiciiis  ui  the  retractive  index  of  very  thin  single  crystals  of  InSb  with  a  carrier  concen- 
Ih  3 

tration  less  than  10  cm  “  have  been  made  by  Mn.ss,  Smith,  and  Hawkins  (Reference  5-122)  Moss 
has  subsequently  con.strncted  a  theoretical  curve  on  the  basis  of  dispersion  tlieory.  Both  the  experi- 
rnenta!  and  the  tlicciretical  curves  are  shown  in  Figure  0-90, 


Normal  Spacing 
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S.7.4.  INDIUM  ANTIMONIDE  PHOTODETECTORR.  .i^ingle  crystals  of  indluni  antimonide  are 
used  in  several  ways  to  detect  infrared  photons.  The  first  and  perhaps  the  naost  widely  used  is  the 
Dhotovoltaic  mode.  Here,  inrnmino  phoions  are  ipoident  OP.  or  L".  the  vicinity  o!  a  p-r.  junction  of 
I.nSb,  and  tlic  l  esuiting  charge  cairicrs  generate  a  photovoitage.  ?i’he,  second  mode,  photoelccUomag- 
netic,  employs  single  crystals  of  InSb  immer.sed  in  a  magnetic  tield.  The  uifrared  photons  cause  bantJ- 
to-baiid  transitions,  and  the  resulting  charge  carriers  are  separated  by  the  magnetic  field,  thus  gener  ¬ 
ating  a  signal  voltage.  In  the  third  mode,  the  c.hange  in  conductivity  is  monitored.  In  this  case,  inci¬ 
dent  photons  produce  hole-electron  pairs  which  alter  the  crystal's  conductivity,  and  this  is  detectable 
as  a  change  in  voltage.  The  spectral  response  of  these  cells  is  related  directly  to  the  intrinsic  band 
gap  of  InSb. 

Impurity -activated  crystals  of  InSb  have  been  reported  on  by  Blunt  (Reference  5-125)  in  1958  and 
recently  by  Engeler  (Referejice  5-126)  and  Smith  (Reference  5-127).  These  detectors  include  InSb 
doped  with  .Au,  Ag,  and  Cu.  An  extreniC-ly  long  wavelength,  impurity -activated  detector  employing 
n-type  impurities  which  lie  close  to  the  conduction  band  has  been  reported  by  Smith.  The  spectral 
response  oi  these  cells  depends  upon  the  ionization  energy  of  the  impurity  level.  The  detector  types 
mentioned  above  are  described  in  detail  in  the  following  sections. 

5. 7. 4.1.  The  Photovoltaic  Detector.  There  are  two  different  types  of  photovoltaic  deb ctors.  The 
first  (historically)  was  constructed  by  pulling  an  InSb  boule  in  the  usual  manner,  but  at  an  appropriated 
time  a  large  quantity  of  p-type  impurity  was  introduced.  Thus,  a  bar  which  has  a  relatively  sharp 
transition  from  n-type  material  to  p-type  material  results.  This  is  appropriately  called  a  grown  junc¬ 
tion  (more  often  referred  to  simply  as  a  junction).  The  other  type  of  photovoltaic  detector  is  a 
diffused-junction  cell.  These  cells  are  prearecl  by  heating  an  n-type  sample  until  a  tliin  p-type  layer 
is  formed  on  the  surface.  This  may  also  be  accomplished  by  diffusing  p-type  Impurities  such  as  zinc 
or  cadmium  into  the  surface  of  a  piece  of  n-type  InSb,  The  detection  mechanism  is  the  same  in  both 
grown  and  diffused  cases;  however,  there  is  a  considerable  difference  in  cell  geometry. 

For  both  the  grovm  junction  and  diffused-junction  types,  tlie  signal-to-noise  ratio  may  often  be 
optimized  by  applying  a  reverse  bias  to  the  p-n  junction.  The  relationship  between  signal,  noise,  and 
signal-to-noise  ratio  with  the  applied  bias  current  level  for  a  typical  detector  is  presented  in  Figure 
5-91,  In  some  instances,  the  optimum  detectivity  is  obtained  at  zero  bias.  Besides  increasing  the 
siun.il  -i.>-iiiiisf  ratio,  hark  hiasmg  also  Increases  the  absolute  level  of  signal  and  noise  voltage.  This 
eases  the  problem  ot  low-noise  preamplifiers. 

The  photovoltaic  detectors  have  a.  theoretical  limit  of  detectivity  which  is  larger  by  a  factor  of 
.  2  th.an  the  PEM  or  photorondurtive  dete.-tivities.  This  factor  comes  from  the  fact  that  backgi  uund 
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BIAS  Cl!?.RENT  (4a) 

FIGURE  J-91.  S/N  RATIO  VS.  BIAS  CURREITI  FOR  LAS 
CELL  NO.  PV-52 

.noise,  which  is  the  ultimate  Us:itlr.g  noise  source  m  detectors,  manifests  itself  as  Ixitb  generation 
and  recombination  hoise  in  the  .PEM  or  photoconductive  detectors,  but  only  as  a  generation  .noi&e  in 
the  photovoltaic  detector.  The  net  effect  is  a  /2-higher  noise  in  PEM  or  photoconductive  detectors 
( see  Chapter  3  for  a  detailed  discussion  of  noise). 

5. 7. 4. 1.1.  Grown  Junction  (Photovoltaic).  The  principle  of  the  grown  junction  is  illustrated 
in  ’  .giire  5-92.  A  potential  gradient  is  produced  at  the  junction  of  the  p-  and  n-material.  When  radia¬ 
tion  is  incident  on  the  bar,  electron  -hole  pairs  are  generated,  and,  by  the  process  of  diffusion,  these 
charge  carriers  approach  the  electric  field  at  the  junction.  This  Held  causes  the  holes  to  be  swept 
across  the  junction  into  the  p-type  region,  and  the  electrons  are  swept  into  the  n-type  region,  produc¬ 
ing  a  photdvoltage  between  the  leads.  The  sensitive  area  is  defined  by  the  width  of  the  junction 
(usually  about  50  ui.  anri  tho  j-  _  "ALicmeiy  small  sensitive  arebn  may  be  ootaincii 

by  this  construction  technique.  These  long  thin  sensitive  areas  are  ideally  suited  for  some  scanner 

Chirag"  Midway  Laboratories  (now  LAS,  Laboratories  for  Applied  Science,  The  University  of 
Chicago)  initiated  (Reference  5-128)  the  work  on  crown- lunction  detectors  and  reported  the  rhara  - 
teii.siu  s  of  many  cells  iabricated  in  this  way. 
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5.7. 4. 1.1.1.  Noise  Spectra.  The  three  grown -junction  lieiectors  menufacture'!  by  LAS  and  measured 
hy  NOI.C  (Reference  S-129)  had  considerably  different  noise  voltage  spectra  (see  Figure  5-93).  They 
ail  had  a  1/f  component;  however,  the  frequency  at  which  this  component  became  Insignificant  was 
different  for  each  detector.  Two  of  the  detectors,  PV-51  and  PV-52,  which  had  an  optimum  back  bias 
of  about  2.5  volts,  displayed  n  1/f  component  out  to  1000  cps  where  the  noise  became  white.  The  white 
noise  IS  prohablv  shot  noise  (see  Chapter  3  for  a  detailed  discussion  of  noise).  The  third  detecioi’, 

4 

PV-20,  had  a  1/f  noise  power  spectrum  out  to  the  limit  of  the  measurement  (10  cps).  Interestingly 
eiKjugh,  detector  PV-20  had  a  zero  optimum  back  bias. 


5. 7. 4, 1,1. 2.  .Spectral  Response.  A  typical  spectral  response  curve  (Reference  5-130)  for  llquid- 
nltrogen-cooled,  InSb,  grovn-junction  detectors  ‘s  shown  in  Figure  5-94.  The  long-wavelength  cutoff 
is  about  5.7  4,  which  agrees  nicely  wiiii  what  one  might  predict  from  the  band  gap.  The  departure 
from  the  approximate  saw-tooth  configuration  whicli  one  associates  with  quantum  detectors  s  possibly 
due  to  a  "disturbed"  (Reference  5-131)  layer  which  forms  on  the  junction  and  is  caused  by  the  etching 


solution. 


5. 7. 4. 1.1. 3.  Tl.-r’>.  Constant.  The  time  constant  of  this  detector  is  generally  less  than  2 /jsec.  This 

s 

means  that  maximum  responsivity  exists  out  to  chopping  irequencies  01  aooui  iu  cps.  beyoiiu  iuoo 
i  p>-,  lilt*  iiuisse  i»  wiiile  lui  um  uack-uiiScu  uclcOlukS,  COiiScQuciitly  iiO  iuCrc&oc  iFi  SigTicii'tO-riOiSC  rJltlO 
can  be  expected  for  chopping  irequencies  beyond  this  point.  A!  frequencies  higher  than  10^  cps,  the 
respnnsjviiv  btu-ins  tn  degrade  due  to  time-constant  considerations,  and  thus  an  optimum  chopping 
irenuenev  lor  this  deiector  type  wmilfl  li.'’  lietween  1000  cps  and  10^  cps. 


170 


CONFIDENTIAL 


noise-voltage  (iiv)  (rrns) 


CONFIDENTIAL 


institute  of  Science  rjmi  TerKnology 


Ths  University  of  Mirhinnn 


FIGURE  ■>-y4.  SPECTRAL  RESPONSE  OF  A  GHO'.VN- 
•TUVCTION  LnSb  DETECTOR 
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5.7.4.1.1.4.  Impedance.  For  junctiun-type  detectors  the  impedance  must  be  leferred  to  as  a  back, 
ibi  H-ard,  or  dynamic  impeda,nce.  The  latter  is  defined  as 

“d  =  4! 

where  AE,  AI  is  simply  the  slope  ol  the  rectification  curve  (E  vs.  I).  An  average  vaiue  of  the  dynamic 
resistance  determined  from  the  reported  data  is  about  41  kohnis, 

5. 7. 4. 1.1. 5.  Dstectivity.  Difficulties  are  encountered  in  aosociating  a  D*  value  with  a  grown-junction 
ce'l.  The  reason  for  this  is  the  peculiar  sensitivity  contour  {Figure  5-95)  which  presents  a  problem 
in  defining  the  detector  area.  One  can  see  by  the  figure  that  the  breadth  of  the  junction  may  bis;  con¬ 
sidered  as  large  as  100  p.  However,  the  junction  breadth  is  often  defined  as  the  distance  between  the 
points  where  the  relative  response  falls  to  37':'o  of  the  maximum  value. 


60  40  20  0  20  40  60 

SPOT  POSITION  (m) 

FIGURE  5-95.  SENSITlVrTY  PROFILE  ACROSS  p-n 
.lUNCTIow  OF  .4  TYPICAL  GROWN-JUNCTION  DE¬ 
TECTOR.  infrared  spot  diameter  =  25  n. 


T.able  5-!3  !S  a  list  of  the  detectors  and  their  characteristics  which  was  published  by  LAS  and 
NOLC.  It  is  interesting  to  note  that  11  of  die  cells  have  two  entries  in  the  table  on-i  to.-  ts^.  u.- 
of  measurements  in  the  unbiased  condition,  .and  the  othnr  t.j.r  meaEuremer.ts  in  the  back-biased  con¬ 


dition.  This  IS  illustrated  in  the  histogram  in  Figure  5-96.  The  shaded  area  represents  detectivity 
values  obtained  on  the  back-biased  cells  and  the  blank  squares  represer';  the  unbiased  detectors. 
Little  c.an  be  inferred  from  ibis  hisiouram  since  only  28  cells  are  l;-ted:  however,  indications  are 
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that  the  averatte  D*  value  of  the  back-biased  detectors  exceeds  the  average  D*  value  ol  the  unbiased 
tells  by  about  a  factor  of  5.  The  highest  D*(500°K,  90,  1)  was  from  a  back-biased  cell  which  had  a 

y 

vnliip  nf  5.4  x  10  (a  factor  of  about  4  from  the  theoretical  limit  of  detectivity). 

The  effect  of  increasing  background  temperature  on  the  detectivity  of  grown-junctlon  cells  has 
not  been  determined  as  yet.  Measure-uents  of  this  type  have  been  made  on  the  diffused-iunction  cells. 
These  data  are  described  in  the  photovoltaic  diffiised-junction  section. 

Cnmmercial  manufacturers  of  grown -junction  photovoltaic  detectors  are  Radiation  Electronics 
Corporation,  Polan  Industries  Inc.,  and  the  Crosley  Division  of  the  Avco  Corporation. 

5, 7, 4, 1.2.  Diffused  Junction  (  Photovoltaic).  The  formation  nf  a  n-tyne  euri-oje  on  i.  .y^ 
In.Sb  slab  was  discovered  by  Goldberg  at  LAS  early  in  1956.  The  p-type  se  tace  was  produced  by 
(leatin;;  the  .slab  to  450°C  in  a  vacuum'.  The  resulting  p-n  junction  proved  to  be  highly  photosensitive 
.It  77'’k.  The  iiM.ciuinism  ol  signal  generation  by  incident  radiation  for  diffused-junction  photovoltaic 
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d£  ici.ujrb  js  idt'.'iiii.ai  to  the  sifjiiai-generation  mechanism  jf  grown-junctjon  detectors.  Over  the  past 

If '.V  years  the  diffused-;uni-tion  detector  ha.s  ueconie  the  more  popular  of  the  two.  There  are  two 

re.a‘=or,s  lor  thi.s:  first,  the  diffused  juuctioii  detector  is  not  restricted  to  a  line  configuration  as  in  the 

2  2 

yrown-iunction  detector.  Fm-  example,  d.-.tfused-juncticii  detector  areas  of  0.2!j  nun  lu  36  nini  are 
rcadilv  avnilablt  ti  oin  liie  manufacturers  today.  Second,  the  method  of  manufacture  is  more  adaptable 
to  large-scale  manuiacturmg  techniques 

5. 7. 4. 1.2.1.  Spectral  Response.  A  typical  spectral-response  curve  is  shown  in  Figure  5-97  .  This 
1  espuiisc  IS  essentially  that  of  a  quantum  detector  having  a  peak  at  5  p  and  a  cutoff  wavelength  at 
5.3  p,  compared  to  a  grown-junction  cell  which  has  a  peak  at  5.5p  and  a  cutoti  wavelength  at  5.7  p. 
This  difference  is  due  to  long-wavelcnglh  radiation  being  absorbed  so  deep  in  the  crystal  that  carriers 
produced  recombine  before  diffusing  back  to  the  junction  region  of  the  diffused  junction. 


FIGIHE  5-97.  TYPICAL  SPECTRAL  RESPONSE  FOR 
DIFFUSED-.TI'NCTION  CELLS 

5. 7. 4. 1.2. 2.  Time  Constant  and  Frequency  Response.  Since  the  time  constant  of  InSb  detectors  is  of 
Uic  order  of  1  ;isoc  or  less,  the  frequency  spectrum  of  tlie  responsivity  should  be  flat  out  to  at  least 

'.'o:',  Hov.'cvcr.  v;,,.-'  -ar  . 7  \  'orm  1 the  '  T-  ;y. 

sMouia  increase  with  chopping  frequency  until  the  detector  Is  in  Lhc  white-noise  spectrum. 

5. 7. 4. 1.2. 3.  Noijm.  T\vm  noise  vult.ige  curves  arc  shown  in  Figure  5-96.  Curve  A  was  .selected  from 
d.it.i  ciijl)li.-.hcd  by  NOi.C  and  is  typical  ol  the  noi.se  spectrum  of  e-irly  diffuscd-junction  detectors.  The 
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pi  t-doinin.^-t  noise  soi'rce  appears  to  followa  i  i  la’.*-  ’i-hern  n  varic.^  fr-ppi  0.?  iu  C.j.  Reoeniiy,  how¬ 
ever,  Levenstein  (Reference  5-47)  and  Beyen  et  al.  (Reference  5-132)  nave  reported  measurements 
on  covera!  InSb  diffused  junction  deiectfsi  £  will;  ucitetiviUss  which  were  ajtoul  a  factor  of  1.2  below 
till  i.nruivtii  a;  liiiiiL  at  chopping  irequencies  ot  900  cps.  Curve  B  is  a  noise-spectrum  curve  associated 
with  these  recent  detectors  a:'d  shows  the  white-noise  spectrum  beginning  at  about  500  cps. 

_g 

.\s  shown  ill  Table  5-H,  the  cell  noise  voltage  ranges  in  value  from  1,1  to  200  x  10  volts.  Such 
Small  iioisK  voiutges  require  very  carelul  preamplifier  design  (Reference  5-133).  Back  biasing  pro¬ 
vides  some  help  on  this  score  by  increasing  the  detector  impedance. 

5. 7.4. 1.2. 4.  Cell  Impedances.  Cells  can  be  made  having  a  wide  range  of  impedances.  The  majority 
of  the  cells  reported  had  dynamic  impedances  in  the  500-ohm  to  1000-ohm  range.  Currently  produced 
cells  have  impedances  in  the  1000-ohm  to  10,000-ohm'*  range,  depending  on  cell  area. 

ii 

5.''  4. 1.2. 5.  Detectivity.  The  magnitude  of  the  photovoltaic  signal  will  depend  on  the  number  of  hole- 
electron  pairs  generated  and  the  number  of  these  pairs  that  are  separated  before  they  recombine. 
Decreasing  the  recombination  rateywll),  therefore,  increase  the  signal  voltage.  The  recombiiiation 


KKU  RK  ■.-'.I?.  InSb  PH<iT()VOLT.4IC  DlFFfSED-.IfNCTION  NOISE  SPECTRUM 
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that  t  kes  place  in  the  bulk  of  the  surface  layer  can  be'  redi'tced  by  reducing  the  thickness  of  the  sur¬ 
face  R*»':o»nbinat.-'n  at  the  surface  can  be  reduced  by  proper  etchiiig  aiiu  clecinsiug  techniques. 

The  detectivity  is  also  a  function  of  the  initial  impurity  content  of  the  bulk  rriaterial.  Philco 

15  3 

{.v.rp'.fration  reports  on  optimum  impurity  doping  of  abv'ut  5  x  10  impuruies.  cm  .  . 

Since  the  InS'b  room-temperature  energy  band  gap  is  0.18  ev,  photovoltaic  detectors  must  be 
cooled  to  decrease  the  number  of  thermally  generated  hole-electron  pairs  and  thereby  establish  the 
junction  in  order  to  obtain  high  detectivities.  Very  little  is  gained  In  cooling  belo./  77°K. 

Boeing  Aircraft  Company  has  performed  a  study  of  photosaturation  effects  on  infrared  quantum 

detectors  (Reference  5-134).  This  work  was  done  to  determine  tfie  degradation  of  sy.stem  performance 

due  to  aerodynamic  heating  of  domes  in  infrared  seeking  mi^ssiles.  The  responslvlty  and  noise  of 

vario.i!K  dete^t.or-s.  rteacursd  as  a  function  of  intensity  of  background  radiaiion.  The  background 

2 

radiation  was  mea.sured  in  units  of  effective  watts/  cm  .  This  effcctiv  iiiix  density  is  obtained  by 
multiplying  the  spectral  power  density  of  the  saturating  source  by  the  normalized  spectral  response 
of  the  cell.  The  degradation  of  normalized  detectivity  of  an  InSb  diffused-junction  photovoltaic  detec¬ 
tor  is  shown  in  Figure  5-99.  This  degradation  is  due  entirely  to  an  increase  in  noise  level.  The 
responslvlty  remained  constant  over  this  flux  range. 
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Table  5-14  is  a  compilation  of  the  data  on  !nSb  diffused-junction  detectors  repttrted  by  NOLC,  Tl, 
Philco.  and  Syracuse  University. 

Thi'  number  of  cells  ir.  n  given  detectivity  range  v's.  detectivity  are  plotted  in  iusiograin  lorm  in 

Ficiir.-  T^  inr..  i  H,  highest  D*  v500'’K, - ,  1)  value  reported  was  2.1  x  10^”  cm  •  cps^^  •  watt  ^  for 

a  Philco  Corporation  detector  measured  at  Syracuse  University.  This  cell  apparently  has  an  angular 

livid  01  view  of  130''.  Noraiaiizing  this  D*  t'alue  to  a  180°  field  of  view  places  the  detentiuify  of  this 

cell  at  only  a  factor  of  1.2  (or  20%)  from  the  theoretical  limit.  The  histogram  showip  a  mode  at 

D*  =  2  X  10^  cm  •  cps^^^'  •  watt  ^  or  about  a  factor  of  10  from  the  theoretical  limit.  The  average  detec- 
9  1/2  “i 

tivify  is  3.7  x  10  cm  •  cps  '  -watt  .  Ratios  oi  D*  (500°K, - ,  1)/D*  (X  .  , - ,  1)  were  In  a  narrow 

pK 
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range  of  aKout  5.0  *if!i  a  maximum  of  5.4.  Only  the  D*  ratios  of  cells  showing  a  quantum-detector- 

tv'pp  spectra!  resp-^nsc  v.  rrr  coi.ridtftd  iii  fi..“se-  sfatistics.  Present  -day  nianutacturers  of  this  detec- 

-  9 

♦n-  cc"  fvrninh  cells  with  D*{000'^K,  — ,  1)  values  of  5  x  iO  .  itigner  detectivities  are  furnished  at 
rti‘  nicitased  price. 

Commercial  manufacturers  of  the  diffused-junction,  photovoltaic,  indium  antimonide  detector  are 
Texas  Instruments  and  Philco  Corporation. 


5. 7. 4. 2.  Photoconductive  Detectors.  The  increase  in  electrical  conductivity  caused  by  radiation 
Incident  on  the  crysiai  is  the  mechanism  utilized  in  photoconductive  detectors.  The  direct  effect  of 
this  incident  radiation  is  an  increase  in  the  number  of  mobile  charge  carriers  in  the  crystal.  If  an 
impinging  photon  has  energy  greater  than  the  energy  difference  between  tlie  highest  point  of  the  filled 
val.’nre  band  and  the  lowest  pomt  tif  Che  vacant  conduction  band,  then  there  is  a  high  probability  that 
the  absorbed  photon  will  create  a  hole -electron  pair.  Both  the  hole  and  the  electron  may  contribute 
to  the  increase  in  conductivity. 

Shortly  after  Welker  s  original  work  on  the  compounds  formed  by  elements  in  columns  UI  and  V 
of  the  periodic  table,  Avery  et  al.  (Reference  5-135)  demonstrated  that  InSb  had  photoconductive  prop¬ 
erties  out  to  7  p  at  room  temperature.  Goodwin  (Reference  5-136)  demonstrated  that  excellent  cooled 
detectors  could  be  made  from  InSb  which  were  sensitive  out  to  5.5u.  Due  to  the  very  short  carrier 
llletime  in  InSb  it  was  previously  felt  that  this  material  would  be  unsuitable  for  photoconductive  detec¬ 
tors  because  of  the  small  signal  voltage.  This  signal  voltage  was  a  factor  of  10  smaller  than  that 
observed  in  photovoltaic  InSb.  However,  the  noise  level  at  frequencies  sufficiently  liigh  to  be  out  of 
the  1/  f  region  is  about  a  factor  of  10  lower  U.an  the  noise  level  in  photovoltaic  detectors  at  the  same 
frequency.  This  lesults  in  a  comparable  S/N  ratio.  Photoconductive  InSb  detectors  now  compare 
very  favorably  with  photovoltaic  detectors.  They  have  detectlvlUes  as  high  as  D*  (500,  1080,  T  = 

1  X  10  CUT  '.vaft  \  or  a  factor  of  1.5  froru  tlieorelical  limit  (Reference  0-137).  Commercial 

detectors  are  now  available  which  are  operable  in  a  temperature  range  from  77‘^K  to  room  tempera¬ 
ture  (Reference  5-135). 


All  detPc' nc-.H-  m  -rown  .  .^.-Uls  m  inau.  to  ubU-u.  u.c  pumy  lequired, 

tlic  individual  r(*n«.ti!eer:ts,  I:i  and  Sb,  must  li>e  zvne-i  f-rined  as  w’eil  as  the  InSb  compound.  Due  to  the 
s.Tiall  energy  band  gap  in  InSb,  a  large  number  of  electron-hole  pairs  are  thermally  generated  at  room 


temperature.  The  conduction  will  J)e  dominated  by  these  intrinsic  carriers  for  impurity  concentra¬ 
tions  ot  less  than  lo'*’  atoms-  cm^.  Therefore,  impurity  measurements  for  values  lower  than  10^^ 
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atrn'.s  rm  must  be  nude  at  lower  temperatures.  This  is  usually  accomplished  by  making  liqhit)- 
lutrogen  Hall  mea.sureme.nis. 


Slices  cut  from  these  qouIpk  are  lapped,  polished,  and  etched  to  tlie  desired  tlucKj'.ess.  They!' can 
he  as  thin  a.s  4  ,,  jRelerence  5-137).  Contacts  are  usually  soldered  to  the  ends  and  protected  li,sfpre 
etching. 

5. 7. 4. 2.1.  Spectral  Response.  Typical  spectral  response  riirvo«  oir  1S2°K,  had  C0C°rC 

are  shown  in  Figure  5-lfll.  The  77°K  curve  is  for  a  Syracuse  University  detector  and  is  similar  to 
the  photovoltaic  response  curve  having  a  peak  at  about  5  p  and  a  cutoff  wavelength  at  about  5.5  p.  The 
1 93°K  curve  is  for  a  Texas  Instruments  detector  operating  at  solid  CO2  temperature.  The  Increase  in 
operating  tempeature  results  in  a  spectral-peak  shift  iu  about  bp.  The  3uo”k  curve  is  based  on  data 
from  a  Mullard  Limited  of  England  ORP-10  detector.  This  curve  shows  a  peak  at  6. bp  with  a  cutoff 
wavelength  at  about  7.3  /i. 

5. 7. 4. 2. 2.  f^requency  Response  and  Time  Constant.  Although  no  curves  of  signal  voltage  vs. 
chopping  freqaenev  were  found  In  the  literature,  LAS  reports  a  flat  frequency  response  out  to  about 
75kc3  (Reference  5-138).  Due  to  the  short  time -constant  characteristic  of  InSb  the  frequency  response 
.".hnuld  be  flat  out  to  at  least  this  frequency.  Practically  all  of  the  detectors  reported  had  a  time  con¬ 
stant  of  less  than  1  psec.  Howevor,  Syracuse  researchers  (Reference  5-139)  discuss  the  occurence 

ol  two  time  coiisUnlb;  one  of  less  than  1  psec,  the  other  several  microseconds.  Figure  5-102  shows 
a  response  to  a  square  radiation  pulse  with  two  decay  slopes  appearing. 
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CO 

Z 

O 

a, 

r/> 


TIME 


FIGURE  5-102.  RESPONSE  OF 
InSb  TO  A  f^JUAHE  RADIATION 
PT'I.SF.  Two  decay  modes  appear. 
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■'.7,1. 2. 3.  Noise.  A  typical  noise  s-  ectrum  is  shown  in  li^ure  5-in.3.  The  main  contribution 
3 

appears  to  be  1,  f  noise  out  to  10  cps.  Since  these  noise  voltages  are  extremely  small  (of  the  order 
-9  -8 

of  10  10  volt),  great  care  must  be  devoted  to  the  associated  electronics  to  insure  that  the  svs- 

tc.Ti  IS  c!£  tcctor-iioiof  iimited.  Since  the  signal  voltage  does  not  vary  with  the  chopping  frequency  in 

3 

the  I  f  region,  chopping  at  a  frec,uency  of  about  10  cps  should  result  in  maximum  signal-to-noise 
ratio  and  consequently  maximum  detectivity. 


InSb 

5. 7. 4. 2. 4.  Cell  Resistance.  The  majority  of  cells  reported  indicate  that  the  impedances  may 
be  divided  into  two  groups:  low-impedance  cell  produced  by  TI  (10-100  ohms),  and  high-impedance 
cells  made  by  LAS  (1-10  kohm).  The  higher  impedances  of  the  LAS  cells  may  be  attributed  to  t'  JO 
factors. 

14  3 

( 1)  A  lower  impurity  concentration  (about  7  x  10  ’  impurities/ cm  ),  therefore  a  higher 
resistivity  material  (Reference  5-140). 

{  2)  The  LAo  cells  were  operated  at  77“k  compared  with  193'^K  operation  by  TI. 

5. 7. 4. 2. 5.  (Confidential)  Detectivity.  As  described  above,  there  are  two  types  of  InSb  photo- 

conductive  detectors,  which  are  called  low'-impedance  and  high -impedance  ceils.  Low-impedance 
cells  are  optimized  for  performance  at  loa^T--  •  ■■  "e  ..le  c.pui.:i.ic  ;  lo.  .noucc 

at  77°K.  The  ranges  of  values  are  give.r  above.  It  is  interesUiig  Lo  note  that  detectors  with  imped¬ 
ances  as  high  as  40  kohm  have  been  reported  (Reference  5-141).  These  rells  were  constructed  from 

12  -3 

maternal  '.ntii  an  impur  ity  content  of  about  10  cm  ,  High -impedance  cells  of  this  type  can  be  manu- 
iactuied  witli  large  thicknesses,  since  the  signal  voltage  will  not  he  s.bortcJ  by  the  high  resistance 
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uulk.  This  leads  to  a  mechanically  rigid  celT  which  is  amenable  i.";  snass  ;*>■  oduC.i'J.'i.  On  the  other 
hand  the-  low -impedance  cell  must  have  a  thickness  of  approximately  10  ;i  ir  order  to  maximize  the 

f  j  N  i  >  11  > . 

Tilt  temperature  dependence  of  detectivity  is  quite  different  for  the  two  detector  types.  This  is 
?.iiuwn  in:  Figure  5-104.  where  the  -S.-'N  ratio  is  plotted  as  a  function  of  reciprocal  temperature.  The 
low- impcidance  detector  data  were  taken  from  a  Texas  Instruments  progress  report  (Reference  5-142). 
wtiiic  the  higli-impeaance  daia  were  taken  fro.m  a  siyracuse  University  report  (Reference  5-141).  The 
figure  indicates  a  rather  important  point;  the  S/N  ratio  of  thin  (or  low-impedance)  detectors  remains 
relatively  high  for  temperatures  between  S0°K  and  200°K.  This  means  that  the  low-impedance  cells 
can  be  operated  at  dry-ice  temperature  without  serious  degradation  of  the  noise  equivalent  power. 
Syracuse  University  reports  a  decrease  in  detectivity  by  a  factor  of  6  v/hen  their  low-impedance 
detector  is  operated  at  solid  CO^  temperature  instead  of  at  liquid-nitrogen  temperature. 


FIGURE  .i-104.  S 'N  RATIO  VS.  TEMPERATURE  FOR 
IIIGH-AND  I.OW-IMPEDAN’CE  CELLS 


Commercial  cells  which  are  made  to  operate  adequately  at  dry-ice  temperatures  are  av.iilabie 
luOav.  In  general,  these  lotv- impedance  cells  also  have  a  higher  S  '  N  raiin  ai  tempera- 

tiire.s  than  their  high-impedance  cnunlerparts. 
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The  significant  advantage  of  the  high -impedance  cell  is  that  the  generated  signal  and  noise  voltages 
-li  e  iai'goi  tliui  in  tlic-  cast  ui  Liie  iow-iinpedance  ceils.  In  fact,  this  was  the  reason  for  their  develop¬ 
ment.  These  hig.her  voltages  and  higher  impedances  ease  the  problem  of  .selecting  annropriate  elec- 
irwiiics  10  insure  that  the  system  is  detector-noise  limited.  Table  5-15  lists  the  photuconductive 
dcluiioi  s  reported  ui  the  litc-ratuie  along  with  thetr  measured  parameters.  The  highe-st  detectivity 
reported  for  a  cell  operated  at  193°K  is  D*  (500°K,  840,  1)  =  1.2  x  10®  cm  •  cps^^^  •  waU'\  which  is 
about  a  factor  of  12  from  the  theoretical  limit.  The  highest  detectivity  reported  for  a  cell  onpratiarf 
at  77^K  is  D*  (500°K,  1000,  I)  =  lO*'^  cm-cps^'  ^"watt  \  which  is  about  38%  down  from  the  theoretical 
limit  for  180°  field  of  view.  The  detectivity  at  the  wavelength  for  which  the  spectral  response  is  a 
maximum  is  about  a  factor  nf  fi  grearei  than  500°K  blackbody  detectivity  for  liquid-nitrogen-cooled 
detectors.  D*  (  500°K, - ,  1)  and  D*  - .  1)  values  for  9  cells  were  listed.  D*(A  j^, - ,  1)/ 

D»(500°K, - ,  1)  =  6.1  for  the  largest  D* (A  , - ,  1)  value,  and  D*  (A  , - ,  1)/ D*  ( 500°K, - , 

pK»  pK, 

1)  =  5.2  for  the  smallest  —  .  1)  value.  The  average  value  is  5.7. 


The  nntinii'Pi  bias  currents  for  the  high- impedance  cells  are  in  the  range  oi  30-300  pa.  For  the 
low-impedance  cel's,  larger  values  of  bias  currents  (5-35  ma)  were  required  for  optimum  operation,,. 
Figure  5-105  shows  the  detectivity  of  these  cells  in  histogram  form.  Nothing  specific  can  be  said 
about  detectors  operated  at  77OK  other  than  their  detectivities  range  in  values  from  2  x  10®  cm* 
watt  to  10  cm.cps  '  -watt  The  detectors  operating  at  193°K  have  detectivities  grouped  about 


FIGfHK  S-I05. 
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8  1;2  ■  -1 
5  X  10  cm  •  CDS  •  weft 


Ccimmcrcial  n-.aiiuTaciurers  ol  photocondurtive  indium  antimc-i'.icie  de¬ 


tectors  are: 


(i)  Muiiard  Electronics  Froducis,  Ltd. 
iiadiation  Liectronics  corporation 

(3)  Tc.xas  Instruments  Incorporated 

(4)  Miniieapulib -Honeywell  Regulator  Company 
(  5)  Block  Associate.s.  inn 


5. 7. 1.3.  PEM  Detectors.  Detection  of  radiation  by  the  PEM  effect  has  certain  advantages  over 
photoconductive  and  photovoltaic  methods.  Cooling  of  PEM  detectors  is  not  required;  therefore,  in 
InSb,  the  long- wavelength  cutoff  is  extended  to  about  7 p.  This  also  simplifies  detector  design  by 
eliminating  the  dewar  systems  which  employ  infrared  window  material.s;  of  course,  a  magnetic  field 
must  be  supplied.  PEM  detectors  are  operated  isithout  a  bias  current,  thus  eliminating  this  as  a 
noise  source.  '  '* 

Briefly,  the  PEM  effect  can  be  explained  by  tne  following  mechanism.  Photons  impinging  upon 
semiconductor  crystals  are  absorbed  at  or  near  the  surface  and  create  hole-electron  pairs.  The 
excess  concentration  of  the.se  mobile  carriers  near  the  irradiated  surface  leads  to  a  diffusion  cur¬ 
rent  tor  both  electrons  and  holes.  The  cui  ren'  direction  i.s  toward  the  opposite  unirradiated  surface. 
A  magiietic  field  normal  to  the  diilusiou  current  wiU  deflect  the  electrons  and  holes  In  opposite  di¬ 
rection  as  shown  in  Figure  5-106.  The  excess  concentration  of  these  carriers  at  the  electrodes A 
and  B  give.s  rise  to  the  signal  voltage. 

Shortly  alter  Welker's  initial  work  on  InSb,  Kurnick  ot  al.  (Reference  5-1.43)  demonstrated  that 
this  <  (mipound  could  be  used  as  an  uiicooled  PEM  detector.  Due  to  its  high  carrier  mobility  and 
.short  lifetime  U  was  shown  that  InSb  is  a  particularly  favorable  material  for  PEM  detectors. 

A  successful  manufacturing  technique  has  been  to  cement  a  thin  slice  of  single  crystal  to  a 
glass  plate.  Tlie  .slice  is  then  lapped  and  polished  down  to  about  25p.  Detector  elements  of  the  de¬ 
sired  dimensions  are  cut  from  the  crystal,  with  tiic  glass  backing  retained  to  give  strength  and  rig¬ 
idity.  Leads  are  attached  and  the  element  is  ''iver  n  fmai  i.v  biaii.  in^  dua.. --u  tiu..iuu  ss.  me 
vlcmciu  IS  tiler;  lastcned  between  fl'-i  pok-  pieces  ol  a  per  inaneni  magnet.  The  detector  need  not  be 
liei  nietually  sealed,  since  operation  in  the  atmosphere  does  not  adve.-sely  aflect  performance. 


CONFIDENTIAL 


187 


CONFiDfcNnAL  , 

Institute  of  Science*  ond  Tschnolocjy 


Thp 


University 


of  Michigan 


1 

1 

M 


188 


=  M  ?sss|*S8S8»|  |«|5!5aspggss  IssliliSilli 

-'c  ■  "  “  '  ,  S  5  s'  S  “■  i  s'  s'  S  a'  i 


CONFIDENT!  Al 


r*  M  c  I  r%  c  r  I  a  i 

X.  ixr 


Instituft*  or  Science  and  Technology 


c*  ^  M  i  c  h  i 


h'notori 


ENTATION  OF  THE  PEM  EFFECT 

•I 

5.7.4.3,1-  Spectral  Reaponse.  A  room-temperature  spectral-response  cur'/e  is  shown  in 
Figure  5-107.  This  curve  is  essentially  that  of  a  quantum  detector  having  a  peak  at  about  6.0  p  and 
a  cutoff  wa'  olength  slightly  beyond  7,i, 

5.7.4.J.2.  Tinte  Constant  and  Frequency  Response.  The  time  constant  is  less  t.han  1  psec. 

5. 7. 4. 3. 3.  Noise.  A  typic-a!  noise  spectrum  curve  is  reported  by  NOLC  and  is  shown  iii 
Figure  5-108.  If  the  equipment  used  to  measure  the  signal  is  a  high-impedance  device,  tJie  detector 
signal  can  be  considered  to  be  an  open  circuit  voltage.  Since  these  detectors  are  operated  without  a 
bia.s  current,  the  noise  components  are  1/f  for  low  frequencies  (1  <  100  cps),  and  Johnson  noise  for 
higher  frequencies.  According  to  theory,  generation-recoinbinatiori’  noi.se  should  be  negligible  since 
It  is  a  function  of  the  mean  value  of  the  current. 

I' 

5. 7. 4. 3. 4.  Cell  Impedances.  All  of  the  tells  reported  had  low  impedances,  ranging  from 
4.5  ohms  to  90  ohms. 

5.f.4.3.5.  Detectivity.  One  of  the  controllable  parameters  j,n  obtaining  an  optimum  detec- 
UMty  lo  tin  i.cll  Uiukness  d.  From  a  theoretical  view  point  the  response  should  vary  as  l/'d,  while 
noii  c  id  1  .u  v  .iv  i  .  d  Tliei  vi'ji  e,  the  signul-to-noisc-  ratio  should  vary  as  l  A'  d.  These 
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KIGURE  5-107.  TYPICAL  SPECTRAL  RESPONSE  OF  AN 
InSh  PEM  OFT  T  at  300°K 


FlOUKt  5-108.  NOISE  SPECTRUM  FOR  PEM  CELLS 


re,Utlonshlps  hold  down  to  the  absorption  length  of  radiation  in  the  material.  For  InSb  this  is  from 

|i 

1  /I  to  10  fx.  Optimum  cell  performance  should,  therefore,  result  for  thicknesses  of  the  order  of 
1-10  M.  Since  signal  strength  is  a  linear  function  of  magnetic  field  strength,  the  latter  should  be  as 
large  as  possible,  consistent  with  practical  detector  geomeiry.  Table  5-16  lists  the  PEM  detectors 

reported  in  the  iterature  along  with  their  measured  parameters.  A  histogram  of  these  cells  Is 

o  7  7 

given  in  Figure  5-109.  All  of  the  O*(500'^K,  — ,  1)  values  lie  in  a  .'•egion  from  10  to  b  x  10 

1  /  2  - 1  '  7  7 

cm-cps'  -watt'  ,  with  the  majority  of  the  D*  (500°K,  — ,  1)  values  in  the  2.5  x  10  to  5  x  10 

1/2  -1 

cnrcps  ■  wa*t  region.  These  values  are  about  a  factor  of  500  from  the  theoretical  limit.  The 
highest  detectivity  reported  is  D*(5O0'^K,  —  ,  1)  =  5.6  x  10^  cm  •  cp.s*^  ^ .  watt  ^  by  LAS,  which  is  a 
factor  of  about  300  from  the  theoretical  limit  for  a  180°  field  of  view.  Rat'os  of  D*(500°K,  — ,  1)/ 

IT*  (Apjj,  —  ,  1)  were  fairly  consistent  with  the  majority  of  the  cells  having  ratios  Irom  2.8  to  3.3. 

The  average  ratin  for  the  cells  listed  was  3.1.  Using  this  relationship,  one  has  D*  ( A  ,  ,  — ,  1)  = 

pK 

3D*(500*^K,  ,  1).  Private  cummunications  with  cell  manufacturers  have  indicated  that  D*(500'‘^K, 

7  1/2  -1 

— ,  1)  values  of  6.0  x  10  cm*cps  -watt  are  guaranteed  and  that  tlie  best  cells  measured  to  date 
have  D*  (500°K.  — .  I'  values  nf  nhe-o  o  fu-etj.-  f  2  i.igi.n. 

Commercial  manulacturers  of  PEM  indium  antimonide  detectors  are; 

(1)  Minneapolis-Honeywell  Regulator  Company 

(2)  Riidiation  Electronics  Corporation 

(3)  Texas  Instruments  Incorporated 
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U’(jOO®K,  — ,  1)  (cm  •  cps  -watt  )  x  10 
FIGUK5  5-109.  HISTOGRAM  OF  D*  VALUES  FOR  PEM  DE- 

'T***r»'T‘r‘«DC 

A  AeV  A  WAkO 


5.7. 4.4.  Impurity-Activated  lntjb  Detectors,  i'here  are  presently  two  approaches  to  preparing 

extrinsic  InSb  detectors.  The  first  depends  upon  the  addition  of  known  amounts  and  types  of  impurities 

to  tlic  parent  lattice,  and  the  second  utilizes!  the  impurity  levels  which  exist  in  high-purity  InSb  crystals. 

14  -3 

These  high-purity  crystals  have  donor  coi.centratlons  of  about  4  x  10  cm  . 

In  the  first  case,  the  introduced  impurities  ciiartge  the  elecUunic  structure  in  the  immediate  vicin¬ 
ity  of  the  impurity  in  the  crystal.  This  change  results  in  the  introduction  of  allowed  electron  energy 
states  i'  the  forbidden  band.  Flsvre  5-110  is  a  simple  band  picture  of  InSb  along  with  the  allowed  elec¬ 
tron  energy  states  introduced  by  copper,  silver,  and  gold.  The  numbers  adjacent  to  these  energy  states 
refer  to  the  separation  (in  electron  volts)  between  the  level  and  the  valence  band  (E„).  Blunt  (Refer¬ 
ence  5-144)  determined  the  energy  levels  of  Uu  in  the  InSb  lattice  by  measuring  the  conductivity  and 
Hall  coefficient  of  doped  samples  as  functions  of  temperature.  Photoconductivity  measurements  were 
also  made  on  these  phototype  detectors.  D*  values  shown  in  Table  5-17  (T  =  5°K)  were  calculated 
from  Blunt's  data.  It  should  be  noted  that  no  effort  was  made  to  optimize  the  NEP  when  constructing 
:n.  5c  .  r;;...  o.ita  .mu  usisuvi,^  n.casuit-nieiils  were  the  primary  objective. 

The  levels  introduced  by  .Ag,  Au,  and  Cu  were  determined  by  Engeler  (Reierence  5-126).  The 
measurements  on  the  Cu  levels  agree  with  those  of  Blunt.  Measurements  on  prototype  InSioAuII 
(implying  the  seroiui  level  of  gold  in  the  InSb  lattice)  detectors  have  been  re|ji.rted  by  Borrelio  et  al. 
(Reference  5-78). 
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FIGURE  s-lio.  nroUCED  IMPURITY  LEVEL®  IN  tiSb 


table  5-17.  D*  VALUES  CALCULATED  FROM  BLUNT'S  DATA 


Cell  No. 


C-51 

C-68B-3 


Copper  Iippunty  Level 
(ev) 

0.023 

0.056 


D»(A„.  .  450  cps,  1) 

1  t  /e  .1 

(cm  •  cpa  '  ”  .watt  ) 


3  X  10® 
2x  10^ 


Another  method  of  constructing  :inpurity-activan.-u  InSb  detectors  is  simply  to  fake  hlgh-purlty 
14  -3 

InSb  (about  10  cm  donor  impurities)  and  utilize  the  inipuriiy  centers  which  Introduce  allowc'* 
electron  energy  levels  in  the  forbidden  band  (quite  close  to  the  conduction  band).  If  the  impurity  con- 
centration  is  greater  iiian  10  '  cm  the  impurity  centers  will  lie  close  enough  to  each  other  to 
interact  and  produce  a  number  of  degenerate  states.  In  this  situation  it  is  extremely  difficult  to  depop¬ 
ulate  the  extrinsic  electrons  from  the  conduction  band  by  cooling  the  sample.  However,  if  a  magnetic 
Held  is  applied,  the  interaction  between  impurity  centers  decrease.s  and  the  ionization  energy  win 
.  ;f.  . nc:  C.iscc.  Consequcnily,  a  detector  may  be  fabricated  from  this  materia!  with  a.". 
i-Aii  insic  iong-wavelength  cutofl  corresponding  to  tlie  ionization  energy.  The  ionization  energy  is  a 
lunction  of  the  size  of  magnetic  field  employed.  Putlcy  (Reference  5-145)  reports  a  laboratory  sample 
of  n-type  InSb  which  exhibits  a  minimum  delectable  power  per  unit  bandwidtli  ui  about  5  x  10  watt 
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wereVr’oWJ  0  ^  -^-lengths.  The  sara.le  duue.t.tons 

0.  .  0..  .  1.0  cm.  indtcm.  electrodes  were  applied  to  0.5  .x  1.0  faces.  Tl,e  tnaga^Uc  fteld 

was  applied  at  right  angles  to  the  dire.-ti....  ,.f _ .....  *«agn_uc  Held 

—  ...  — I- ojiu  o)  rne  inoicfpnt  n-,fir-  -  « 

smith  fRpWnnce5-.14Rl  reporta  rcsoor-P-  •,  o  ' '•acl.a_.n.  PaUc, 

.  eport  a  rcspon.^e  2  mm  lor  a  similar-type  detector. 

These  impurity-activaterf  insh  a.!,...,-.-, _ _  .  - 

^  "  stage  of  development  and  little  can 

be  said  about  their  characteristics  except  f-r  the  -v  ■  ,i  c 

thpi  .  '■®®Pohse,  which  is  of  course  determined  bv 

tii6  iuniZ3.tion  pn#»r<Tv  ... _  1.  .  .  y 

- - -  ,  ..uwever.  ,;nai  me  InSbiAuH  detector  will  provide  a  high- 

rr  eT?‘TT  "  -»-ble 

detector  of  electromagnetic  radiation  in  the  spectral  region  between  infrared  and  microwaves. 
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UNUSUAL  DETECTORS 

Gwytin  H.  Suits,  Thomas  Umpefis,  and  Wlliium  L.  Woife 

,1 

Thf  infrared  detenor-  described  in  considerable  riefa.ii  in  ;he  preceding  cliapier  employ  photo- 
V  'It.iii'.  ph(>t!H  ondu<  tiv<',  ui  plioioelcctromaenciic  phenomena,  to  transduce  the  inlrared  signal  into  an 
rlrrtrir.ll  output.  Thcic-  tr.insducmg  processes  are  by  no  means  the  only  ones  availab.’e  to  the  infra¬ 
red  physicist.  In  the  past  few  years  sei-eral  new  processes  which  merit  discussion  have  been  men¬ 
tioned  in  the  literature.  These  arc; 

(  1)  The  infrared  image-position  indicator 
(  2)  Detectors  based  on  microwave  techniqiip.s 
I  dt  Detectors  baseci  on  optical -pumpmg  techniques 

None  ol  tliebc  detectors  h  ive  yet  been  produced  m  suliicient  quantity  to  permit  a  comprehensive 
examination  of  their  limitations  or  advantages.  The  Information  that  follows  Is  therefore  based  upon 
limiied  data  and  theoretical  considerations  of  the  processes  involvnd. 

6.1.  THF  IMAGE- POSITION  INDICATOR 

In  1957,  Wailmark  ( Refere.nces  6-1  and  6-2)  reported  a  method  for  determining  the  position  of  a 
.small  spot  of  light  on  a  defector  surtaoe.  He  show.s  that  a  diffused-junction  pnotodetector  produces  a 
voltage  difference  between  two  points  on  its  surface.  This  lateral  voltage  is  dependent  on  the  dis¬ 
tance  of  the  light  spot  from  the  electrodes.  The  voltage  is  a  result  of  the  lateral  photoeffect,  described 
as  follows:  when  radiation  strikes  the  surface  of  a  junction,  as  shovm  in  I  igure  6-1,  hole-electron 
pair.s  arc  generated.  As  is  the  case  in  conventional  photovoltaic  detectors,  the  holes  move  to  the  p- 
type  region  and  eleefrons  lo  the  n-type  region  (.see  Chapter  3).  If  the  conductivity  ot  the  p-region  is 
miii  li  l.iigrr  than  that  of  the  ii-region.  the  holes  will  quickly  become  uniformly  distributed  throughout 
(he  |)  region.  Meanwhile,  the  electrons  will  have  moved  nniv  slivhtiv  Thu?  pf  l.ol-o  winon 

nave  migrated  lar  Irom  the  initial  disturbance  will  cross  the  luni  tmn  into  thg  n  regior,,  thcieby 
creating  a  potential  difference  between  thcmselve.s  and  *he  etectrens.  whieli  ha’-e  moved  but  little 
ii  oai  tlie  spot  ol  light.  A  current  will  then  (low  until  charge  iicotraliaalion  occurs.  The  llow  ol  eur- 
rent  i  .uise.s  a  potcnlial  dillerence  V,  a  function  of  the  rc.siit ivity  !(.■)  .*(  ttie  niaterial  and  the  lateral 
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FIGURE  <:-l.  I  atEHAL  PHOTOEFFECT 


X 


V  = 


dx 


o 


(6-1) 


The  transverse  photovollage  (voltage  across  the  junction)  at  the  point  of  illumination  is  given  as  V^. 
For  points  away  from  the  illuminated  region,  the  transverse  potential  will  be  -  V.  The  transverse 
current  density,  J^,  may  be  calculated  frr^m  conventional  junction  theory  (Reference  G-3), 

r  _  1  ‘ 


where 


J  IS  a  constant 

s 

q  IS  the  charge 

k  IS  Boltzmann's  constant 

T  !S  the  absolute  tcinperalurt; 


Thu  1 1  laiion.'-lup  lJ^•twecn  transverse  current  density  and  the  lateral  potential  V  may  be  obtained  by, 
setting  the  divergence  of  llie  eleciron  current  density  :n  the  n-layer  equal  tn  the  density  of  the  cur- 
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FIGURF  n-2.  SPOT-POSITION  LOCATION  IN  TWO  DIMENSIONS 

These  expressions  for  V  and  V  agree  with  experimental  dau  (Reference  6-4)  as  shown  in 
X  y 

riRvire  6-3.  The  zero  position  represents  a  spot  located  at  the  center  of  the  detector  surlace.  The 
relationship  between  and  V  with  spot, position  is  approximately  linear  (deviating  from  a  linear 
function  by  no  more  than  lO’n)  between  plus  and  minus  one-half  the  distance  between  the  center  and 
the  electrodes. 

The  early  work  on  .«pot-po'iti  jn  indicators  described  by  Wallmark  was  accomnhehed  with  gcr- 
majiiuiii  p-n  junctions.  EOS  (Electro-Optical  Sy.stcnis,  Inc.)  and  Philco  have  been  active  in  develop¬ 
ing  an  Infrared  image  tracker  of  the  sort  described  above.  The  EOS  cell,  called  the  RRT  (radiation 
tracking  tran.sducer),  is  made  of  an  uncooled  silicon  p-n  junction.  Its  spectral  response  peaks  at 
0,9  which  is  characteristic  of  intrinsic  silicon.  Both  Philco  and  EOS  have  phototype  indium  anti- 
.monide  inni^re-pGsition  indicators  with  detection  capabilities  out  to  6p. 

The  EOS  silicon  RTT  has  a  time  cuuslar.i  ol  about  6ii.sec.  Its  dynamic  impedance  ranges  from 

4 

0.7  to  7,0  Kohm.  The  noise  spectrum  is  flat  from  300  cps  to  10  cpc  vaiue  in  tne  white 

uiiies  tne  thermal  noisi-  due  to  the  dynamic  impedam  e  Hecolution  ul  angular  posrtion 
Ml  radiation  source  is  better  than  0.1  second  ol  arc.  The  noise  equivalent  power  (defined  as  that 

hghi-spot  power  located  0.25  cm  from  the  center  which  yields  unity  signal  to  noise  ratio),  i.s  about 

- '  0  o 

2  ,x  10  '  wall  lor  l-cp.s  b.andwidth  and  a  25  C  cell  lempfrainn-. 


I'lbJlClIfH 


ot  Science  and  Technology 


University  of  Michlcjon 


DI^PLACKMEN'T 

FIGURE  li-.'l.  VARIATION'  OF  WTTI'  SPOT 
POSITION 

DetecKirs  of  this  type  should  see  extensive  application  In  tracking  and  guidance,  computers,  and 
dau  processing. 


U.2.  ,'NFHAUKD  DL'TECTOR.S  RA.SFD  ON  MICROWAVE  TECHNIQUES 

K.  M  arc  lu  rs  at  General  Bronze  Electronics  ( Reference  6-5)  and  Conovar  of  the  Air  University 
(Reference  6-6)  have  found  that  nriicrowave  cavities,  which  utilize  semicondurtor  dielectrics,  have 
•  I. .  n  u  .,1  characferistu  s  depending  on  tnc  free  charge-earner  com euU.tion  m  the  dielectric  mater¬ 
ial.  An  inlrared  detector  svstem  employing  this  phenomenon  was  developed  by  General  Bronze  Elec¬ 
tronics;,  It  utilizes  an  infrared-sensitive  semiconductor  simultaneously  illuminated  with  infrared  and 
micro-aave  energy.  The  variation  ol  incident  infrared  energy  is  sensed  as  a  complex  impedance 
<  han.e  m  a  high  Q  microwave  cavity  ,  Figure  6-4).  The  microwave  energy  reflected  by  the  cavities 
.are.  combined  ISO^  out  of  phase  in  t.he  output  arm;  therefore,  if  the  system  is  balanced  (the  reflected 
waves  from  the  cav.ties  have  the  same  amplitude  and  phase),  no  power  is  coupled  to  the  output  arm. 
mnee  me  pr.asc  and  amplitude  of  ihe  retlected  waves  is  dependent  upon  the  complex  impedance  of  the 
a.e.ec.ru  material,  incident  radiation  upon  one  of  the  diele.  tries  will  produce  a  different  signal  in 
the  output  arm.  a  lunc.on  ol  .he  mten.siiy  ol  the  incident  inlrared  energv.  The  waveform  in  the  out¬ 
put  arm  will  have  microwave  carrier  10  kmc  is  pre.sently  used)  with  .m  cnvelom-  fre.p,cncv 
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f'luivcHi-.  t  tn  tilt  radiatii.ii  chopj.-inn  frt-quenev.  ihis  sigial  is  detected  by  a  microwave  crystal  detector 
ninl  ltd  i  iio  d  I'aini-'iuiPr.  Kigure  G-5  shows  a  hiiock  uioerain  of  a  test  setup  for  this  system. 

icvcrai  advniuoees  oi  tms  type  ot  system  are  iinmediately  apparent.  The  ab.senee  of  electrical  i 

toniai  ts  on  the  semiconductor  means  a  reduction  in  l.  f  noise  cnmpone.nt.  Also  the  fact  that  no  d-c  j 

bias  t  ircuitry  is  used  insures  a  large  system  handividth.  limited  only  by  the  lifetime  of  the  charge  j 

r  ;Lrr;.crs  in  the  .seniK.-.iuiurtor.  ior  semiconductors  with  carrier  lifetimes  of  1.0  second  O  less,  I 

system  ban.-iuidths  of  about  1  nms  ai  e  reaiizaDle.  This  large  system  bandwidth  can  be  put  to  good 
advaii  .age  in  irurared,  high-resolution,  reconnaissance,  and  mapping  systoms. 

The  primary  disadvantages  of  systems  of  this  type  are  their  considerable  bulk  and  the  difficulty 
in  using  n.''-e.ss,T-,.  cryogenic  equipment  for  cooling  the  detector  element.  The  bulk  is  mainly  caused 
In  t.hc  micro'.vav.?  pump  and  the  necessary  microwave  plumbing,  Wien  long-wavelength  detection  (s 
desired,  semiconductor  materials  with  small  band  gaps  must  be  used,  and  they  require  .-'ooling  to 
drciease  the  number  of  thermally  generated  charge  carriers.  Cooling,  however,  cannot  be  accump- 
h.siu  ii  i-ui.'!y  when  the  .soniu'oiiductor  is  mounted  in  a  =iiiaJl,  sensitive,  nucrowave  cavity.  At  present, 
cooling  in  the  prototype  systems  Is  accomplished  by  immer.stng  both  cavities  in  an  open  tank  of  llquk) 
nitrogen  -  an  awkward  method  for  field  use.  Improvements  in  cooling  efficiency  may  be  expected, 
but  they  will  most  likely  be  ai  the  expense  of  system  bulk. 

Up  to  the  present  lime  only  gold-doped  germanium  and  indium  antlmonide  have  been  used  as 
detector  elements.  Noise  equivalent  powers  of  about  5  x  10'^*^  watt  have  been  reported  for  Ge:Au. 

Assuming  that  this  measurement  was  corrected  to  one -cycle  bandwldtli,  and  using  the  infrared  aper¬ 
ture  a.s  the  detector  area,  one  obtains  a  value  of 

D*(500°K,  900,  1)  -  5  X  10®  cm  ■  cps’'^  •  watt'^ 

The  typical  photoconductive  9-ii  Ge:Au  detector  available  commeicially  has  a  D*  (500°K,  900,  1)  of 
about  1  to  .  riiib  indicates  that  the  Gener.nl  Dronze  Jvieciur  in  us  present  form  is  down  about  a 
favtoi  III  a  in  !>•  ir.im  the  average  value.  It  should  be  pointed  out,  however,  that  no  effort  was  made 
ill  cnh.iiu  e  the  pjur  .ibsorptioii  c.haracterislic  which  is  associated  with  impurity-activated  german¬ 
ium.  In  conventional  detectors  using  Ge:Au,  the  sensitive  clement  is  housed  in  a  highly  reflective 
I  hami’cr  to  i.neiirn  mnitTr.in  |-•'r._■.cr.,„l.>  .j.  unr  iiiirarea  photons  through  the  element,  thereby  effec¬ 
tively  increasing  the  ahsorptier.. 

Furt'a  r  dcvi  l.ipniciU  -jf  thi.s  detector  should  provide  a  valuable  coniponent  to  our  infrared 
1  •.  I  'iiii.iissaiu  o  and  scanninc  sv.slemc  de-sig-nen,. 
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6.3.  optica T- “DUMPING  'TECITNIOrtS 

6.3.1.  .AMPLIFlCATiO.N  BY  STIMHI  ATED  EMISSION.  The  advent  o!  the  Maser  has  suggested  to 
maiiv  researrhfra  the  possjbiiitv  that  a  similar  araplification  ui  even  a  detection  process  may  be 
applicable  to  inlrared  radiatinn  Maser  'Micronave  AitsuUiication  by  Stimulated  Emission  of  Radia- 
ti'ip.i  Tr-o^r,  ,.  ni.iHe  possitTc  bv  tile  inversion  of  the  population  of  electrons  in  different  energy  levels 
of  a  inaitriai.  The  inversion  is  performed  by  ‘'puniplng"  energy  into  a  material  by  shining  radiation 
of  frequetu  y  hig.her  than  the  frequency  at  the  radiation  to  be  detecieri  or  amplified.  Figure  6-6  shows 
diagramati'cally  three  possible  energy  levcl.s  nf  o  nioisria!.  First,  raulatiun  which  nas  ene.'gy  suffi¬ 
cient  lo  cause  tra.'isiiicns  from  levsi  one  to  level  three  is  shown  or.  the  inHteriai.  This  pumping  action 
mov  dri-oribcd  by 


FtOTRE  r.-(i.  POS.SIBLE  ENERGY 
LEVELS 

Then  the  elcc'ron.s  m  level  three  make  a  transition  to  level  two;  'he  transition  is  accompanied  by  the 
emission  of  low-energy  quanta; 

®3  ~  ®2  * ’’^3,2  i  (8-10) 

The  system  is  then  in  a  metastable  state.  When  signal  photons  are  incident,  they  cause  the  following 
reaction 

hf,  „  +  e.,  -  e,  -  2  hf  lo-ii) 

*.  1  tj*- 

If  tiic  r,.,'>LC'ii  ii.io  lint  been  made  metaslabie  by  the  pumping  process,  the  reaction  would  have  been 

hf,  (8-12) 
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Tl'.c  difference  is  due  to  the  fact  that  in  the  mttastable  c  iiidition  tliere  are  too  many  electrons  in  state 
twn  and  tnr.  ff  n-  in  =t^te  one;  tl;;*.s,  th--';  c,  olcclruiis  iiiake  me  transition. 

One  might  think  of  the  signal  photon  hf,  ,  as  a  catalyst,  performing  tlie  function  of  increasing  the 
probability  of  eleuiron  transitions  from  state  two  to  state  one.  For,  without  hfj  final  reaction 

occurring  with  low  probability  would  have  been 

e.  —  e.  *  hf^  _ 

The  new  photon  in  Equation  6-11  must  have  the  same  phase  as  the  catalyst  photon. 

TTicse  reactions  have  been  applied  to  microwave  detection  and  amplification  by  considerirqj  tlic 
energy  levels  available  in  different  crystals  and  gases,  and  the  competing  or  associated  processes 
which  contribute  to  the  noise  of  the  system. 

Becairse  the  electrons  of  any  material  are  liound  to  the  nuclei  or  ion  cores,  they  are  also  subject 
to  interference  from  them.  In  a  .solid  material  this  Influence  occurs  by  means  of  the  electrostatic  and 
magnetic  coupling  between  the  lattice  atoms,  and  the  electronic  system  which  holds  the  lattice  atoms 
together.  In  a  gas,  the  interference  is  due  to  collisions  between  gas  atoms  and  between  gas  atoms  and 
the  container  wall.  Since  the  Maser  action  depends  upon  the  measurable  Increase  in  the  stimulated 
emission  due  to  the  catalyst  photon.  It  Is  important  that  the  electron  motions  involved  In  transitlpns 
between  energy  levels  be  sufficiently  isolated  'lom  the  rest  of  the  motions  of  the  atomic  system'  In 
order  to  avoid  the  overpowering  influence  of  the  rest  of  the  atomic  system  in  inducing  tiansiilons. 

The  most  successful  Maser  system,  currently,  makes  use  of  the  magnetic  moment  associated  with 
the  electron  spin  and  orbital  momentum,  because  in  some  materials  these  motions  are  relatively 
independent  oi  the  other  crystalline  and  gas  motions. 

6.3. 1.1.  Bandpass.  One  of  the  disadvantages  —  and  at  the  same  time,  advantages — of  the  Maser 
is  that  it  tends  to  be  a  narrowband  device.  It  works  on  the  basis  of  the  absorption  of  photons  by  bound 
electrons  which  change  from  one  discrete  energy  state  to  anotlier.  The  width  of  the  spectral  line 
associated  with  t.he  two  energy  states  will  determine  the  spectral  width  of  the  system.  Further,  if  the 
Maser  is  to  be  relatively  noise  free,  the  tr.ansitioi,  which  corresponds  to  the  stimulated  radiation 
sh  'iiid  In  i.'C'latcd  from  tlie-  rest  ot  the  motions  in  the  niateri.nl 

Although  the  Maser  tends  to  be  a  narrowband  device,  there  are  theoretically  no  less  than  three 
tcchn.qucs  .nailaiue  liy  which  the  spectral  band  may  iie  broadened.  By  analogy  to  electric  circuit 
desigii,  the  basically  high-Q  sysltm  can  lie  loaded  with  lo.sses,  Ihcreliy  cecreasing  the  effective  quality 
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luctor.  Twi;  ui-  more  hign-Q  resonant  systems  can  be  coupled  tightly  to  each  other,  causing  the  result¬ 
ing  resonant  curve  to  be  considerably  hr  oadc.  Uian  eitiier  ot  tne  original  ones.  There  is,  of  course,  a 
limit  to  bfjth  of  these  techniques  at  whicii  maseii  action  will  no  longer  be  possible.  A  third  technique 
utilizes  an  ensemble  of  isolated  high-Q  circuits  which  are  not  closely  coupled,  but  which  are  stagger 
tun-d  lo  a  iiLinber  of  neariy  equal  frequencies.  The  "woofer-tweeter"  systems  of  audio  systems  are 
common  examples  of  this  approach.  The  diffionlty  lies  in  obtaining -5.  nuiuber  of  masers  with  response 
at  the  frequencies. required. 


c.3.1.2.  Infrared  Applications  of  the  Maser  Principle.  It  is  preferable  at  tills  stage  of  the  discus¬ 
sion  to  discard  the  term  Maser,  and  replace  it  with  the  term  Iraser.  The  concepts  are  exactly  the 
same:  radiation  of  frequency  corresponding  to  the  1-3  transition  is  shone  on  the  detector  material; 
electrons  make  a  transition  from  levs!  one  to  level  three;  then  from  tliree  to  two  with  the  emiseion 

of  low-cncrgy  photons;  and  then  from  two  to  one  as  the  signal  radiation  tails  on  the  detector.  Of 

li 

course,  f,  „  =  c  /  A .  ,  is  n.  w  about  10  cps,  and  the  energy  difference  ht,  ,  is  atx>ut  0.4  evi  The 
pumping  a^ergy  must  be  considerably  greater  than  0.4  ev,  probably  that  obtained  In  the  vtifible  part 
of  the  s^^tkim.  Accordingly,  rather  than  spin-moment  energies,  the  levels  associated  jiirith  impur¬ 
ity  levels  and  fluorescence  in  solids  must  be  used.  This  is  exactly  what  has  been  done  l/n  the  case  oi 
the  ruby  Laser,  which  radiates  rather  than  detects  radiation  ( L  stands  for  light):  the  pumping  ire- 
quenoy  is  essentially  tuat  oi  green  light  (although  white-light  sources  are  used  for  cor/venlence),  and 
the  emitted  light  is  deep  red,  a  wavelength  ot  about  0.69  /i. 


fi.3.1.3.  Threshold  Sig.ial  Limitations.  The  primary  limit  to  the  detectivity  of  any  tnirared 
detector  is  the  flucUiation  in  the  arrival  of  signal  photons  Ho’vevcr,  this  is  a  characteristic  ol  the 
radiation  and  not  the  detector.  All  detectors  operate  exactly  alike  when  they  are  limited  by  this 
photon  noise.  It  is  thereiore  important  to  investigate  the  limiting  noise  mechanism  in  the  Iraser  and 
see  how  it  compare.':  in  absolute  value  with  photon  noise.  The  limiting  mechanism,  neglecting  contri¬ 
butions  from  the  circuit  elements,  is  sponla.'ieous  cmissiori.  It  is  inherent  in  all  quantum  amplifiers 
of  the  Maser  type.  Spontaneous  emissic-n  1e  a  result  of  electrons  in  ievei  two  making  a  transition  to 
level  one  when  signal  protons  are  not  incide.at  on  the  detector. 

spontaneous  emission  has  been  discussed  by  Weber  (Reference  6-7)  who  uerived  an  expression 
for  the  ecpiivaleii.  temperature  (Te)  ol  spoiilaiieoii.s  emissio.-  muse.  This  temperature  is  de.'ined  as 
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that  positive  temperature  of  a  black  background  which  emits  iiuise  equivalent  to  Uie  spontaneous  .emis¬ 
sion.  It  is  e.xpressed  as 

Te=-^  (6-13) 

wliere  k  is  the  Boltzmann  constant.  Fi;'  f-  ••  ^.'cncies  up  to  about  10^^  cps  (A  =  0.5  mm).  Te  l-s  less  tlian 

and  at  a  frequency  4  x  10^'*  (A  =  0.8  /u)  Te  becomes  i8,000°K.  It  is  api^ent  from  this  analysis 

that  equivalent  noise  tcuiperacurea  in  the  infrared  region  render  the  Irassr  impracUca'  for  infrared 

detection  unless  target  temperatures  are  much  higher  than  I8,000°K. 

It  should  he  pointed  out,  however,  that  Equation  6-13  was  derived  asstiming  that  the  number  of 
quanta  per  radiation  oscillator  (N)  followed  Bose-Einstein  statistics, 


IIuxSvci ,  liiis  relationship  holtls  for  hf  <<  kT.  For  wavelengths  shorter  than  10 g,  hf  >  kT  and  Bose- 
Einstein  statistics  do  not  provide  an  accurate  picture. 

Schawlow  and  Townes  (Reference  6-8)  have  shown  that  directional  selection  effectively  decreases 
the  spontaneous  emission,  lliis  la  true  since  spontaneous  emission  radiates  into  an  Infinite  distri¬ 
bution  of  .modes,  while  stimulated  emission  radiates  into  relatively  few  modes.  This  concept  has  been 
applied  only  to  Lasers  and  not  to  the  infrared-detection  problem. 

The  conclusion  is  that  infrared  letectors  employing  the  maser  principle  will  suffer  severely  from 
noise  due  to  spontaneous  emission.  Should  innovations  render  the  Iraser  practical,  the  engineer  still 
I’.ices  the  problem  of  having  an  extremely  narrowband  device. 

For  further  reference,  the  reader  should  consult  the  works  of  Gelinas  (Reference  6-7),  Whittke 
(Reference  6-9),  Schawlow  and  Townes  (Reference  6-8),  apd  Bluembergen  (Reference  6-10).  In  addi¬ 
tion,  excellent  bibliographies  and  reviews  are  contained  in  publications  of  the  Trionics  Corporation 
(Reference  6-11)  and  the  Jet  Propu,l8ion  Laboratory  of  the  California  Institute  of  Technology  (Refer¬ 
ence  6-12). 


6.3.2.  QUANTUM  rnnwTERS.  It  is  possible  io  construct  quantum  mechanical  amplifiers  without 
sjHuitaneous  emission  noise  (References  b-7  and  6-13).  However,  they  are  not  Masers  per  se,  since 
the  output  IS  not  a  result  of  stimulated  emission.  They  are  essentially  quantum  counters.  Figure  6-7 
shows  a  typic;iJ  energy-level  diagram  for  such  a  device.  The  separation  between  the  ground  state  Ej 
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FIG  THE  fi-7.  ENERGY- LEV’EL  DIAGRAM  FOR  AN 
INFRARED  QUANTUM  COUNTER 

and  level  E„  is  such  that  hi,  „  >>  kT.  This  is  to  Insure  that  very  few  elections  are  thermally  ex- 
cited  from  the  Ej  level  to  When  no  infrared  photons  are  incident,  no  output  will  occur  since 
level  £2  is  unpopulated.  When  an  infrared  photon  is  absorbed  it  causes  a  transition  from  level  one 
to  level  two.  The  pumping  frequency  then  produces  a  further  transition  to  the  Ej  level,  provided  the 
pumping  intensity  produces  transitions  at  a  faster  rate  than  the  radiationless  decay  or  than  the  spon¬ 
taneous  emission  from  level  to  the  ground  state. 

Spontaneous  emission  from  level  to  £2  will  lead  to  resonance,  since  on  Its  decay  from  to 
£2.  it  may  be  repumped  to  Eg  again.  Thus  several  quanta  hfg  ^  may  be  re-emitted  for  each  Incident 
infrared  quantum.  The  emitted  radiation  may  be  separated  from  the  pumping  flux  by  the  use  of  polar¬ 
ization  or  direction  of  prop-igation. 

Device.-^  similar  t<j  this  one  are  being  developed  at  Harvard  University,  The  Johns  Hopkins  Uni- 
ver.'^ity,  and  the  University  of  Maryland. 
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Appspdix  A 
TEST  PROCEDURES 

Sol  Nudolmon 

The  purpose  of  this  uppendix  is  t.u  describe  the  exper iuieiitiii  test  pi  ograai  required  to  provide 
the  necessary  descriptive  and  evaluative  information  for  proper  detector  usage.  The  information 
provided  is  extensive.  It  is  the  responsibility  of  the  engineer  to  interpret  propeii/  and  to  use  as 
much  of  this  information  as  is  required  for  the  design  of  his  infrared  system.  Most  of  the  experi¬ 
mental  detail  supplied  here  is  descriptive  of  the  facilities  and  procedures  established  at  the  Naval 
Ordnance  Laboratory.  Corona  (Reference  A-1),  and  Syracuse  University  (Reference  A-2i.  These 
facilities  have  been  sponscred  by  the  services  to  provide  up-to-date  quantitative  measurements  on 
all  types  and  kinds  of  photoi^tectors,  with  the  philosophy  that  experimental  procedures  undertaken 
and  data  proviaegibe  in  the  spirit  of  a  standards  laboratory.  The  following  experimental  Information 
is  required. 

yr 

1.  Optimum  bias  in  the  case  of  a  photoconductlve-type  detector. 

2.  Noise  spectrum. 

3.  Response  to  a  blackbody,  usually  set  at  SOO'^K. 

4.  Spectral  dependence  in  terms  of 

(a)  Relative  response 

(b)  Absolute  response. 

5.  Time  constant  or  frequency  response. 

6.  Stn.sitivity  contour. 

From  these  data  are  nhtaine'1  the  various  figures  of  merit  listed  in  Table  A-1. 


A.l  DETERMINATION  OF  NEP 

The  circuitry  u.sed  for  measurement  of  noise  and  of  signal  response  to  a  hlarkbody,  and  for  the 
determination  of  optimum  bias,  is  shown  in  block  form  in  Figure  A-1.  The  important  components  of 
this  circuitry  are  the  infrared  source,  the  picSuipIiiiei ,  and  a  wideband  harmonic  analyze.  The 
source  i.s  a  blackbody  emitter,  with  precision  temperature  controls.  A  standiurd  condition  used  to¬ 
day  in  test  procedures  is  to  make  measuiements  with  a  blackbody  set  at  a  temperature  bf  500°K. 

The  .source  is  mechanically  modulated  by  a  disc-type  chopper.  Generally,  this  chopper  is  arranged 
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« !  e;  h  1  g  c  : 


Figure  of 
Merit 


TABLE  A-l,  FIGURES  OF  MERIT 
C^finition 


units 


Sh.i 


NEP  =  P 


Jones's 


NEI  =  HV^/Vg 


NEP  =  HV  A/V 
N  •  S 


FTEP 


Noise  equivalent  input  (watts/cm'^) 

Noise  equivalent  power  (watts) 

Jones's  (watts/cm) 


i£! 


D> 


D»  = 


fAAf 

NEP 


!  ''2 

i-HE-irjf;; 


The  detectivity  normalized  to  unit , 
area  and  unit  bandwidth  (cm .  cps*'' ' .  watt'^) 


Specific  sensitivity  (cmVwatt) 


1 


I 


rGi 


Biackbody 


Temp 

Control 


M 


Thermo-  | 

miini**  I 


Chopper 


Radiation - 


Chopper 

Drive 


CellU 


Induction 

Motor 


Cell 

Low  Noise 

Bias 

Level 

and 

Pre-Amp 

Match 

Amplifier 

FKiUKE  A-l.  Br,OCK  DIAUHAM  OP  SYSTEM  TO  MEASURE  NEP 


Micro- 

■ —  ^ 

volter 

Wave 

■-  -  I 

1 

Analyzer 

I"  "  ^ 

osc 

« 
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,  ii  i  ■  -.(.eris  t'  ;iro'.  ;dt  ridiatijn  modulated  at  90  cps  ami  900  cps.  This  chopped  radiation  causes 
p  c^iinvlv  o.-.H  .  cijrp-j!  gcnerotcd  ,ii  tiie  lieLector  system,  ampiUied,  and  measured 

with  the  harmonic  wave  analyzer.  The  wave  analyzer  is  also  used  to  determine  the  noi.se  level  by  ob- 
a  icaJii'.p  when  the  aetfctor  is  shielded  from  the  chopped  radiation. 

The  siijnai  and  noise  fur  a  pholoconductive  detector  are  determined  as  a  function  of  bias  volfci^e. 
The  bias  current  is  varied,  with  signal  and  noise  v'oltage  determined  for  different  values  of  the  cur¬ 
rent.  For  most  detectors  chopping  irequency  in  this  case  is  rot  sionificant  in  optimum  bias  dues 
iMt  change  appreciably  with  modulating  Irequency.  Figure  A-f  shows  a  typical  bias  graph  with  plots 


BIAS  CURRENT  (p  amperes) 
F1GI'R£;a-2.  determination  of  OPri.M'h'.i  rtas 
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oi  siunal  anci  noise,  versus  bias  l  urr^nr.  This  ;;rn.ph  ;s  typii.a.1  ot  those  supplied  by  the  Naval  Ord¬ 
nance  I.abnrai.iry,  in  which  the  radiation  at  1  1  ■:  from  a  helium  source  is  used  for  the  siprial  mea¬ 
surement.  The  optimum  bias  point  is  determined  from  this  graph  and  used  in  all  subsequent  mea- 
surementi.  Typical  riiiuiiry  oi  the  cell  bias  and  match  box  shown  in  Figure  A-1  is  drav.m  SCheuiat  - 
icaily  in  Figure  A-3.  Two  sets  of  input  leads  ore  shour.  Xrom  iJie  detector  to  the  match  box.  One  set 
is  used  for  pholoconchictive  detectors  where  bias  currents  are  needed  and  the  other  for  noh  current- 
carrying  photovoltaic  and  PEM  detectors.  Photovoltaic-  and  PEM-type  cells  are  u.suaUy  tested  by 
'iincclinK  ihciii  to  thp  pi-eamplificr  thiuugii  a  transtormer.  This  is  because  they  have  been  low 
impedance  devices.  In  pui  iicuiar,  indium  antimonide  and  indium  arsenide  are  typical  of  such  detec¬ 
tors.  II  IS  desirable  to  use  a  transfonnci  whose  impedance  can  be  varied.  This  is  important  to 
insure  that  the  equivalent  noise  input  resistance  of  the  preamplifier  be  transformed  to  an  impijdance 
lower  than  the  impedance  of  the  detector  being  tested.  Another  advantage  of  satisfying  noise  consi¬ 
derations  is  that  maximum  power  can  be  transferred. 


Photoconductlve 
Test  Leads 


Photovoltaic  Test 
Leads 

nr.l  KK  .A-a.  TEST  (TnCCITRY  FOR  INFRARED  HETECTORS 
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Tf)e  simplest  kind  of  circuitry  associated  with  the  photoconcjuclive  detector  is  shown  in  Figure 
A-4(a.)  jiid  consists  simply  of  a  bias  battery  supi'  iy  '  l;  series  '.v:!h  tl,c  phijlc)coiiuuci.iv'6  detector  and 
a  load  resistor.  The  is  take.",  off  the  loan  resistor  and  ted  through  a  capacitor  to  a  preampli¬ 

fier.  The  voiiage  across  the  loan  resistor  is  given  by 


(A'l) 


The  change  in  vol  i  across  the  load  resistor  produced  by  the  action  of  radiation  is  attained  by 
differentiating  this  equation  with  respect  to  the  resistance  of  the  cell.  Then  it  follows  that 


FIGURE  A-I.  PHOTOCOroUCTIVE  DETECTOR  CmCUITS 


The  signal  voltage  Vg  is  symmetrical  with  respect  to  the  load  resistor  and  to  the  cell  or  detec¬ 
tor  resistanc.e  so  that  the  same  signal  voltage  can  be  picked  off  the  photoconductor  or  the  load  resis¬ 
tor.  When  the  load  resistance  is  much  larger  than  the  detector  resistance,  a  constant  bias  current 
condition  prevails.  Maximum  signal  voltage  is  obtained  when  the  load  resistance  equals  the  detector 
resistance,  v/hile  extended  frequeocy  response  is  obtained  for  small  values  of  load  reoioLance.  iTus 
latter  requirement  usually  appears  when  high-resistance  fast  detectors  are  dealt  with.  In  this  situa- 
;iun  ciipacitivc  effects  liecome  imponant,  and,  in  order  to  match  the  response  time  capability  of  the 
detector,  it  is  necessary  to  use  a  small  load  resistor,  resulting  in  reduced  signal  amplitude  but  flat 
frequency  response  over  a  wider  frequency  range. 
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response  time  capability  of  the  detector;  it  is  necessary  to  use  a  small  'load  resisior,  resulting 
i;i  rctlcccd  signal  amplitude  but  Hat  frequency  response  over  a  wider  frequency  range. 

.A  modification  ol  this  simple  ciruit  is  shown  in  Figure  A-4(b).  It  involves  placing  a  d-c  load 
resiiitor  in  series  with  the  detector  and  an  a-c  load  resistor  across  the  detector  through  a  coupling 
capacitor.  The  output  is  fed  to  the  preampufier  from  the  a-c  load  resistor.  The  effect  of  this  type 

I 

of  circuitry  js  to  permit  varying  thve  load  resistor  to  the  preamplifier  without  influencing  the  biasing 
current  ol  the  photoconductive  detector.  This  Is  important  in  attaining  the  optimum  bias  current.  .. 
One  would  like  to  retain  this  condition  and  yet  have  the  flexibility  of  varying  the  load  resistor  to  tb«^ 
preamplifier  for  an  independent  control  on  frequency  response. 

In  making  any  noise-limited  measurements,  it  is  important  that  the  preamplifier  noise  be  less 
than  the  detector  noise.  There  are  two  types  of  noise  to  consider  with  respect  to  the  preamplif¬ 
ier;  (1).  an  effective  series  noise;  (2),  an  effective  parallel  noise. 

The  serie.s  .".oise  is  expeii menially  determined  by  shorting  the  input  to  the  preamplifier  and 
noting  the  signal  voltage  at  its  output.  The  parallel  noise  is  determined  by  openingllie  circuit  input 
and  recording  the  noise  level.  Then,  starting  with  large  resistances,  a  sequence  of  resistances  of 
decreasing  value  is  placed  across  the  input  to  the  preamplifier  and  the  output  noise  is  noted.  These 
resistances  are  then  reduced  to  a  point  where  a  change  in  the  noise  output  from  the  open  circuit 
condition  of  the  preamp  is  recorded.  Detector  resistan<;e  is  then  maintained  below  this  value.  The 
resistance  of  the  detector  must  provide  a  noi.ee  greater  than  the  prersmpUfisi"  aoisi.  Tliis  conditiun 
is  equivalent  to  the  resistance  of  the  detector,  being  larger  than  the  series  resistance  of  the  preampli¬ 
fier,  but  less  than  the  .shunt  resistance.  This  condition  is  a  sensible  one.  I'  two  resistors  are  placed 
in  senes,  the  effective  noise  is  the  sum  of  the  noise  from  the  two  resistors.  If  one  is  much  larger 
than  the  other,  then  its  noise  predominates.  When  two  resistors  are  placed  in  parallel,  the  effective 
resistance  is  that  of  the  smaller  resistance,  and  correspondingly  the  dominant  noise  is  that  which  is 
associated  with  the  smaller  resistor.  Therefore,  the  shunt  resistances  that  may  be  incorporated  in 
the  preamplifier  input,  together  with  any  other  shunt  resistance  across  the  detector,  must  always  be 
larger  than  the  detector  resistance.  This  requirement  becomes  difficult  when  one  is  forced  to  deal 
’.vit.h  very  higli  tinppda.uce  detectors,  usually  significantly  higher  lhan  15  or  20megohms.  Otherwise 
the  prolilem  of  shunt  noise  is  not  serious,  and  one  usually  finds  that  the  series  noise  requires  the 
nio.st  mill. .in. 

The  primary  pu.-pose  of  measuring  signal  and  noise  voltages  with  the  equipment  of  Figure  A-1 
i.s  111  ueit-riiniic  the  phoiodeteetor  noise  equivalen*  piwcr.  This  power  cun  be  determined  if  the 
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ui.::3itv  irom  the  blackbody  falling  on  the  detector  is  known.  To  calculate  this  value, 
It  IS  necessary  to  start  with  the  Stefan-BoUzniann  law  given  by 


4  4 

V/  -  f  .T  (t’  -  ) 

s  0 


(A -3) 


where  W  =  radiant  emittance,  or  radiant  power  per  unit  area  emitted  from  a  surface,  T  and  Tq  are 
the-  ai  solute  temperatures  of  the  radiating  bodv  a.id  hanlrarmjna  respectively,  els  the  enussivity,  and 
cr^  is  the  Stefan-Boltzmann  constant.  The  power  density  H  front  a  source  of  radiance  N  at  a  distance 
X  to  the  detector  is  the  detector  irradiance 
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where  is  the  source  area,  N'  is  the  radiant  flux  emitted  by  the  source  per  unit  area  per  u,nit  solid 

angle  and  is  ecjual  to  w/n.  For  a  circular  source  aperture  of  diameter  D  ,  the  power  density  is 
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and  therefore  NEP  is  given  by 


NEF  = 


(A-6) 


The  gain  of  the  circuitry  used  to  determine  NEP  Is  checked  with  an  oscillator  and  a  microvolter 
connected  to  the.  input  of  the  preamplifier.  The  noise  bandwidth  of  the  system  Is  determined  by  meas¬ 
uring  the  Johnson  noise  generated  in  a  wire-wound  resistance  as 


2  f 

Af  =  e  /4k  Tr 


(A-7) 


where  k  is  the  (TOltzmann  constant,  T  is  the  absolute  leinperature,  and  r  is  the  resistance.  The  sig¬ 
nal  to-noisc  luiio  of  a  detector  at  a  given  bias  current  is  generally  independeni  of  the  load  resistance. 
However,  as  shown  by  Equation  A-2,  the  signal  voltage,  and  correspondingly  the  noise  voltage,  are 
,1  I'.iiictuin  ol  the  load  resisto’'.  Since  different  anp!ic,.tionS  may  require  different  load  resistors,  a 
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iiit’.nc  of  detociiir  signsi  and  noise  measurements  must  include  the  value  of  the  load  resistance  used 
ill  making  liie  measurements. 

A.?.  TIME  CONSTANT 

A  knowledge  of  a  detector's  speed  of  response  is  of  great  importance  to  the  system  designer.  In 
conjunction  with  noise  spectra,  it  tells  him  at  what  frequeitcifs  he  may  operate  the  detector  and 
still  retain  a  suffif'lenf  for  hit,  purposes.  Kc  may  also  then  select  the  frequency  which  will 

optimize  the  sigual-to-nuise  ratio  for  his  system  's  performance.  Speed  of  response  information 
is  usually  provided  in  one  of  two  forms.  They  are  (1),  a  plot  of  response  versus  frequency  from 
which  a  detector  time  constant  can  be  estimated,  and  (2),  the  photodecay  characteristic  after  removal 
of  a  photoexcitation  source.  Irifornaatioc  of  type  (1)  is  generally  obtained  by  amplitude  modulation  of 
radiation  from  an  infrared  source  irradiating  the  detector  and  varying  the  frequency  of  modulation, 
while  type  (2)  is  olitained  by  observing  the  signal  wave  shape  of  the  photodetector  response  to  peri¬ 
odic  nnio,.5  of  light.  Systems  for  making  measurements  to  provide  the  two  types  of  information  are 
described  below. 

A. 2.1.  FREQUENCY  RESPONSE.  This  measurement  is  usually  made  wit.h  a  mstallic-dlsc  light 
chopper.  The  disc  is  ringed  with  slits  spaced  symmetrically  so  that  the  separation  distance  between 
slits  equals  a  slit's  width. 

The  modulation  frequency  is  given  by  the  spinning  rate  of  the  disc  multiplied  by  the  number  of 
■slit.s  ill  the  disc.  The  higher  the  frequency  of  modulation  required,  the  higher  the  spinning  rate, 
and,/  or  the  greater  the  number  of  slits  cut  In  the  disc.  Increasing  the  number  of  slits  results  In 
slits  of  decreasing  width  (for  any  one  size  disc),  until  eventually  an  optical  system  is  required  to 
image  down  the  infrared  source  onto  the  slit.  The  radiation  passing  through  the  slits  is  then  focused 
unto  the  detector.  For  iow-frequency  operation,  sinusoidal  modulation  can  be  obtained  by  proper 
.selection  of  the  chonper  opening  {Reference  A-3). 

Corona  determines  the  frequency  response  by  u.sing  a  variable-speed  chopper,  giving  a  frequency 
range  of  100  to  40,000  cps.  Radiation  from  a  Nernst  glower  is  sinusoidally  modulated  by  the  chopper 
and  IS  usu.illy  filtered  by  a  selenium-coated  germanium  window.  The  signal  from  the  detector  is 
measured  by  putting  the  output  of  a  cathode  follower  and  a  preamplifier  into  the  y-uvic  of  an 

u-scilioscope.  An  incandescent  tungsten  source  is  simultaneously  modulated  by  the  chopper  and 
activates  a  photomultiplier  whose  signal  is  fed  into  a  preamplifier  and  a  tachometer ,  the  latter's  out- 
nui  1..  nrnpirtionai  to  frequency  ami  is  put  on  the  X-axis  of  the  oscilloscope.  The  o.sciiloscope  display 
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IS  photographed  as  the  chopper  slows  down  from  its  maximum  speed.'  Syracuse  University,  using  a 
v.heel  cut  with  1400  circular  holes  spinning  at  a  rate  of  10,1)00  rpm,  obtains  a  maximum  chopping 
frequency  of  240  000  eps.  Thl;  equipment  uses  a  glow  bar  as  the  light  source  and  an  As,S.  lens 
itj  fcirup  {he  source  .onto  the  slit,  i'or  photodetectors  whose  response  can  be  described  by 


Va 


(A-8) 


this  high-frequency  chopping  rate  permits  an  evaluation  of  time  constants  as  short  as  0.5  .usee. 
Typical  frequency  response  data  reported  from  NOLC  are  shown  in  Figure  A-5. 


FREQUENCY  (cps) 

nULTlE  A-5.  DETECTOR  FREQUENCY  RESPONSE 


A, 2.2.  PUL-SE  RESPONSE.  Another  approach  to  the  measurement  of  speed  of  response  of  the 
detector  is  a  direct  measurement  of  the  decay  or  rise  characteristics  of  the  detector.  For  detectors 
;6itfi  sit,™,  response  and  high  sensitivity  it  is  fairly  pasy  to  design  a  .iieoiianicai  light  chopper  with 
sufficient  speed  so  that  the  dynamic  characteristiiis  measured  belong  to  the  phofodetector  and  not  to 
t.he  chopper.  However,  when  one  is  forced  to  deal  with  photodetectors  whose  response  times  are  less 
tn<'’  ’  ;:soc,  and  wlic-ie  iiie  signal  is  noise  limited,  then  it  becomes  increasingly’  difficult  to  make  this 


224 


ol  Science  and  lechnolog/ 


The  Univar'sity  of  Michigan 


measurement  usuik  normal  procedures.  To  .measure  the  decay  or  rise  characteristics  of  the  detector 
requires  a  light  source  whose  rise  or  fall  time  is  of  the  order  oi  1/10  the  time  that  is  to  be  measured. 
Optical  spinning  mirroi  systems  can  provide  such  rapid  rise-anu-iaii  Ught-pulse  time.  A  latfier 
simple  arrangement  is  shown  in  Figure  .A-6.  A  coliimated  beam  ol  light  is  deflected  by  a  rotating 
mirror.  At  distance  X  away  from  the  mirror  a  decollimating  mirror  is  placed,  which  focuses  the 
infrared  radiation  on  the  detector.'  The  rise  time  of  the  light  pulse  is  the  time  it  takes  the  leading 

f 

edge  of  the  pulse  to  fill  the  decollimating  mirror,  and  the  fall  time  is  tua  »j~c  reQUwcU  for  ihe  trail¬ 
ing  edge  nf  the  light  iicam  tn  move  off  of  that  sa.me  mirror.  The  velocity  with  wh  h  the  light  ray 
moves  across  this  mirror  is  given  by  the  distance  between  the  spinning  mirror  and  the  decollimator, 
miiltiplied  by  the  a.'.gular  velocity  of  the  spinning  mirror.  The  rise  time  and  decay  time,  assuming 
a  symmetrical  light  pulse,  are  then  both  equal,  and  equal  to  the  width  of  the  decollimator  divided  by 
the  velociiy.  Obvisouly,  hy  malti.ng  X  sufficiently  large,  the  rise  and  fall  times  can  be  made  shorter, 
but  generally  at  me  e.xpense  of  decreasing  intensity  at  the  detector.  Th  energy  may  be  increased  by 
the  us  of  a  cylindrical  mirror  which  compresses  '.vithout  affecting  its  width.  Light  pulses  with  rise 
and  decay  times  of  the  order  of  50  aipsec  have  been  generated  with  this  technique,  using  a  mirror 
spinning  at  10,000  rpm. 

Light  Source 


Detector 


Cylindrical  Mirror 


clX-'". 


RotatLng  Mirror 


FIGURE  A-6.  SIMPLE  SPINNING  MIRROR  FOP. 

PERIODIC  LIGHT-PULSE  GENERATION 

Ar  other  useful  spinning  mirror  technique  m  that  described  by  Uarbuny  (Keference  A-4).  The 
method  prin~i»ts  o!  surrouadiug  a  rotating  muUisided  mirror  by  a  set  of  stationary  mirrors  (see  Fig¬ 
ure  A-7).  This  assembly  is  so  adjusted  that  the  collimated  light  from  the  source  is  repeatedly  re 
fleeted  between  the  central  and  the  stationary  mirror  plane.  Each  face  of  the  mirror  rotating  with 
angular  velocity  u  adds  2a,'  to  the  rotatio.nal  speed  of  the  emerging  light  beam.  If  D  is  the  width  of  a 
silt  in  the  image  plane  and  is  less  fhn,,  »}.»  width,  of  the  iighi  beam  b  ,  the  rise  time  and  the  fall  time 
of  the  pulse  are  gi-er,  by 
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FIGURE  A-7.  SPINNING  MIRROR  SYSTEM  FOR 
PEIUODIC  UGHT-PULSE  GENERATION  IN  THE 
MILUMICROSECONU  TIME  DOMAIN 


and  the  f  -t  part  of  the  pulse,  i 


6  .2D  (A- 10) 

Cl  ■  2NuiX 

where  K  is  the  number  of  faces  on  the  rotating  mirror  and  X  Its  distance  from  the  image.  By  using 
a  multisided  spinning  mirror  to  obtain  high  tangential  velocities,  it  is  possible  to  substantially  reduce 
the  radial  distance  from  the  spinning  mirror  to  the  detector  over  that  required  in  Figure  A-6.  Using 
mirror  optics  for  coiiimating  the  light  source  permits  any  infrared  emitter  to  be  used.  With  a  0.5-mr,i 
detector,  .i  spunung  nm  roi  roiaiion  rate  of  10,000  rpm,  X  -  1  meter,  and  N  =  6,  rise  times  of  30 
ni;jsec  are  readily  available.  Using  a  turbine-drive  motor  system  to  spin  the  mirror,  rotating  speeds 
as  high  as  3000  rps  can  be  obtained  so  that  poise  rise  and  decay  times  of  less  than  1  mpsec  become 
readily  ,■ 

Often  in  pursuing  a  research  and  development  program  on  detectors,  it  is  necessary  fo  observe 
in  detail  the  wave  shape  nf  the  phnioresnnnse  to  a  light  pulse.  These  uliservations  often  have  to  be 
made  in  the  noise- limited  condition.  Examples  of  such  cases  are;  (1)  the  examination  of  fractional 
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mu  r'-'spcond  Siirnui^  xi'on!  hiyji  inipedance  generators  such  as  .-.ji.i-uoped  germanium.  The  measure- 
mcr.t  tcthmqiie  here  requires  the  a-c  loading  of  the  detector  (see  "iguic  A-ih)  with  a  low  enough 
resistance  in  provide  flat  frequenci'  *e=i;j:;;jc  over  the  spectrum  of  interest.  (2}  The  ejianimatinn 
fi  j.  ii  -r  !i  ^ig.iais  iroin  low-impedance  generators  such  as  the  InSb  detector.  This 

measurement  is  difficult  because  the  .noise  level  nf  a  wideband  prea.nnplifier  is  higher  than  t.hat  of 
the  detector,  i'dl  The  reproouctinn  of  low-level  signals  caused  by  low-let'el  radiaticn  sources.  This 
i‘1  the  case  for  waveleneth-depenitfnt 

A  device  has  been  developed  with  makes  measurement  in  these  cases  readily  possible.  The 
device  applies  a  sampling  technique  ami  integration  (or  averaging)  tn  the  direct  .measureaient  of  the 
shape  of  periodic  noise  limited  wavetornis.  This  may  be  compared  to  the  usual  coherent  detector 
whicn  can  be  used  to  measure  the  amplitude  of  fixed-frequency  sine  waves.  In  both  cases  the  response 
time  and  bandwidth  are  determined  by  a  simple  RC  integrator  and  the  bandwidth  narrowed  at  the  ex¬ 
pense  of  recording  time.  The  operation  of  the  wave-shape  recorder  can  be  described  with  reference 
to  Figure  A-g.  The  signal  vva.v  siutpe  is  periodiCi  triggered  In  the  same  manner  that  would  be  re¬ 
quired  for  good  high-speed  o.sciliographic  reproduction,  while  the  noise  is  random  in  nature.  The 
interval  At  represents  an  on-time  of  an  electronic  switch,  during  which  the  signal  and  noise  voltage 
18  fed  directly  into  an  integrator;  By  sampling  successive  intervals  a.id  averaging.  It  Is  possible  to 
reduce  the  iioise-voliage  fluctuation  observed  at  the  integrator  output  without  affecting  the  signal 
level.  Quantitatively,  the  notee-voltage  fluctuations  are  reduced  by  1/  Vn,  where  N  is  the  number  of 
observations  made  during  an  average  measiirenient.  The  signal-to-nolse  voltage  ratio  is  then  improved 
by  the  square  root  uf  N.  if  At  is  made  small  compared  to  the  signal  transient  time  and  is  slowly  and 
uniformly  retarded  in  time  with  respect  to  signal  onset,  an  accurate  chart  record  of  t.ho  signal  wave 
shape  may  lie  produced  (Reference  A-5). 


The  c.rcuit  for  the  device  is  shown  in  Figure  A. 9,  and  jo  similar  to  the  box-car  circuit  used  in 
radar.  Its  npmpo.ne.nts  include  a  driven  blocking  oscilUitor  activated  by  positive  trigger  pulses,  an 
electronic  switch,  an  integrator,  a  cathode  follower  and  a  recorder.  The  driven  blocking  oscillator 
provides  a  pulse  to  close  the  electronic  switch.  The  switch  connects  the  input  of  the  integrator  to 
the  signal  plus  noise  voltage  occurring  dui  iiig  At.  I>iring  the  off-time,  the  capacitor  of  the  integrator 
will  maintain  its  potential  until  the  next  on-t:mc  wher.  a  new  signal  plus  noise  level  is  sampled.  To 
avoid  signal  attenuation,  the  output  of  the  integrator  is  connected  to  a  cathode  follower  and  no  contin¬ 
uous  d-c  current  is  allowed  to  flow.  Since  liie  purpose  is  to  permit  operation  with  si gnal-to-nni?e 
lahos  less  than  unity,  long  integration  times  are  required  which  are  compatible  with  chart  recorders. 
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FIGURE  A-8.  SIGNAL,  NOISE,  AND  GATE  RELATIONSHIl’  IN  WAVE-SHAPE  RECORDER 

A  block  diagram  of  a  complete  experimental  ai  rangemcint  for  photon -excited  siKnals  is  shown  In 
Figure  A- 10.  It  Is  necessary  that  the  signal  of  interest  and  the  on-time  switch  be  made  to  accurately 
foiiow  acme  time  reference.  Two  systems  are  shown  which  meet  this  requirement.  The  first  sys¬ 
tem  IS  used  when  the  light  sources  available  are  capable  of  being  driven  by  an  electric  signal  such 
as  a  CRO  lamp  or  electro-uptic  shutters.  The  sequence  of  events  can  then  be  demonstrated  froui  a 
noise-free  reference  liulse  provided  by  a  stable  oscillator. 

The  second  system  is  used  when  niechahical  light  modulators  such  as  spinning  mirrors  and 
rotating  choppers  are  necessary.  Now  the  referenc_  i/s  lse  cannot  be  supplied  by  an  external  source, 
but  must  be  generated  by  the  modulator  itself.  This  .-an  hp  done  by  causing  a  lighi  source  to  excite  a 
fast  photodetector  such  as  a  photomultiplier  prior  to  excitation  of  the  photodetector  of  interest.  In 
both  systems,  if  a  variable  delay  is  provided  with  respect  to  the  reference,  the  electronic  on-time 
switch  may  he  slowly  and  uniformiy  reiarded  in  time  and  a  chart  recording  of  the  complete  voltage 
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FIGimE  A-9.  SCHEMATIC  OF  WAVE-SHAPE  RECORDER 


wavefoi.il  will  be  produced.  Using  the  Garbuny  spinning  mirror,  noise-reduction  improvement  by  a 
[actor  of  300,  with  SO-m.isec  light  pulses  has  been  achieved  (Reference  A-5). 

A.3.  SPECTRAL  RESPONSE 

Measurements  of  the  wavelength  dependence  of  infrared  photodeteclors  are  generally  made  with 
an  expi.  i  inieiital  setup  such  as  that  illustrated  in  Figure  A-li.  The  measurement  is  made  with  a  con¬ 
stant  energy  irrauiaiion  at  the  detector  by  monitoring  the  output  from  the  exit  slit  of  the  monochromator 
w  uii  a  iiierniocoupie  throughout  tne  spectral  range  ol  measurement.  T.his  inay  seem  like  a  strange 
procedure  considering  that  the  pho*odetectors  descritied  here  are  photon  counters  rather  than  energy 
detectors.  However,  to  .make  the  measurement  at  constant  photo.n  de.nsities  requires  a  reference 
photodetertor  flat  in  response  over  an  extended  infrared  wavelength  region.  Such  detectors  are  not 
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FIGURE  A- 10.  BLOCK  DIAGRAM  OF  WAVE-SHAPE  RECORDER 

ynt  av.Mlable.  Thermocouples,  however,  are  flat  over  the  wavelength  region  of  interest  here,  and 
therefore  are  readllv  aonlirahie  tn  this  irin.i  of  measurement.  The  result  of  this  procedure  is  to  ob¬ 
tain  waveleai.'th-depenciciit  curves  that  ire  sawtoothed  in  appearance  rather  than  flat  topped.  This  is 
eypected,  as  e.yplaineci  in  Section  3.4.  Two  monochromators  are  in  normal  use  at  Corona;  one,  a 
Leiss  double  monochromator,  has  CaF2  prisms,  giving  a  range  from  0.6  to  8|U,and  the  other,  a 
F’erkin- Elmer  model  98,  .has  .N'aCl  prisms,  giving  a  range  from  2  to  ISp. 

The  eiieifi)  flux  iT  uiii  ibe  exit  silt  is  kept  at  a  constant  value  over  that  portion  of  the  spectrum 
user!  hy  compariiiR  the  flux  at  each  wavelength  with  the  thermopile  or  thermocouple  response.  This 
rompanson  arrangement  can  lie  accomplished  within  the  ruunoehroiualor  or  vvith  an  external  arrange- 
.iiciit.  As  the  wavelength  output  is  changed,  the  energy  falling  on  the  thermocouple  is  raised  or  low¬ 
ered  to  an  arliitrary  value  by  opening  or  closing  the  entrace  slit  of  the  monochromator,  with  the 
iiiiiiriic  and  exit  -slits  ii.suallv  remaining  fixed.  Once  this  level  is  set,  the  energy  flux  i.s  allowed  to 
i.iil  iiutn  the  dcicctui  and  the  response  is  the.i  ublaiued.  A  typical  relative  response  curve  from  Corona 
IS  siiuwn  in  Figure  .A- 12.  Cet-erallv,  the  chopping  rate  of  the  light  input  in  the  mo.nochromator  is  10 
t'l  13  cps,  compatible  with  the  response  characteristics  of  the  thermocouple.  However,  since  ruost 
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UGL'Kt;  A-11  BLOCK  DIAGRAM  OF  SYSTEM  TO  MEASURE  DETECTOR  RESPONSE 


photndetectors  show  considerable  improvement  of  NEP  at  higher  chopping  rates,  it  is  advantageous 

when  possible  to  modulate  the  spectral  radiation  at  frequencies  in  the  order  of  a  few  hundred  cycles 

per  setoiiu.  At  Syracuse,  the  chopper  is  operated  at  208  cps,  and  the  detector  signal  is  measured 

tiv  feeding  it  through  a  filter  of  30  cps  tandwidth  tuned  to  208  cps,  a  preamplifier,  and  a  vacuum-tube 

f. 

voltmeter.  At  the  low  chonpine  frequency,  the  detector  signal  is  fed  directly  into  the  amplifying  sys¬ 
tem  of  the  monochromator. 

.Along  with  the  measured  relative  spectral  response  curve,  it  is  important  that  the  detector  user 
Ilf  uiMvidi'd  with  an  absolute  caliiiration  snffif itmtiy  univcrcil  S3  that  the  specirai  dependencies  ol 
iigure.s  nf  merit,  such  as  NET,  .NEP,  and  D*,  can  be  readily  derived.  The  information  availalile  from 
the  niensurcnicnts  of  .NtiP  and  relative  spectral  response,  and  the  theoretical  law  loi  lilackbudy  spec- 
!i;:I  r  idiation  chsii  ibuii jii  are  sufficient  to  provide  the  absolute  calibration. 
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The  noise  equivalent  power  is  deiined  by 


V'^N 


(A-ii) 


V.. 

where  P  =  H*A,  v  j,  ^  v_  is  the  respoiisivity  of  the  detector  to  a  blackbody  (usually  set  at  500°K), 

and  P  id  the  radiation  laiii-"  or.  the  dcrlcuiur. 

Since  this  is  a  blackbody  nreasurement.  the  responsivity  is  determined  in  an  absolute  manner,  and 
represt,..:-^  ..m  avciaice  value  taken  over  the  spectral  range  of  sensitivity  of  the  photodetector.  In  Fig¬ 
ure  A- 13,  the  averaged  absolute  value  of  the  responsivity  is  shown  (C),  together  with  the  blackbody 
spectral  radiation  curve  (.A),  and  a  plot  of  the  relative  spectral  photoresponse  of  the  detector  (B).  It 
is  clear  that  one  can  provide  an  absolute  scale  corresponding  to  curve  C,  but  it  still  has  to  be  deter¬ 
mined  where  curve  B  should  be  placed  with  respect  to  this  scale.  When  curve  B  Is  properly  placed 
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correst'  f'ding  lo  an  aosoLuie  calibration,  the  product 


N  '  , 

/  >  -AP 


where  y  is  the  absolute  response  and  'AP  is  the  power  iri  the  bandwidth  AX  centered  at  X^, 
a,X  j  t-'  I 

sunirr.sd  over  the  wavelength  of  detector  spectral  sensitivity,  equals  the  sigiial  voltage  obtained  in 
the  NEP  measurement,  and  therefore  also  the  averaged  absolute  responsivity  curve  C. 

The  quantity  needed  ior  caliliration  is  the  absolute  value  of  the  spectral  response  determined  at 
the  "peak  '  ot  curve  B.  To  arri'-e  at  this  value,  assume  that  another  (unknown)  photodetector  response 
curve  (D)  Is  flat  (a  black  detector),  and  pas«e<!  through  th"  peak  of  our  photodetector  carve  B.  The 
rat;.-.i  ui  the  signal  voltages  generated  by  these  two  dilferent  detectors  is  given  by 


r  y  ,  P,  AX.  L  y  ,  P,  AX. 

V  .A-  f^r.x.  A.  t  .  .  rx.  A  j 

r  _  1-0  ’  1  1  _  1  =  0  11  1 

'^BB  r  Tor.  ,  P>  AX  y  f  P  AX 


(A-12) 


If  one  normalizes,  taking  yu„  ,  =1 

BBjX. 


I,  y.  ,  P.  AX . 
1=0  i^i  ' 


Z  P  AA 

1=0  '*  i  ' 


(A- 13) 


Th.~  dcnon-iinator  is  simply  the  hlackhouy  i  adiatiun  energy  failing  on  the  black  photocletector  of  unit 
response,  while  the  numerator  provides  a  smaller  number  representing  the  signal  voltage  derived 
Irom  our  photodetector.  Obviously  the  numerator  is  smaller  than  the  denominator,  and  ^  represents 
an  effevtu  eiifss  lacior  indicating  how  close  the  average  re^xinse  of  B  comes  to  that  of  the  black 
detector  D. 

The  absolute  value  of  the  aveiaged  snecir.al  resnonue  P,  ‘^s  e-iyHer,  is  a  quantitv  obtained 

in  Lilt  NET  nitasurcnitiu.  Tntrciore  an  uOsoluit  delerminatnm  ol  the  peak  spectral  response  can  now 
be  obtained  by  dividing  the  responsivit  .•  value  from  the  NEP  .measurement  by  the  effectiveness  factor, 
.'tir.iil.ii  Iv,  i'li.s  proctduit  pi  .o  iiit.',  an  aii.-ailulf  b|itctrul  dependence  for  the  oilier  iigures  ol  merit. 
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\v^v6l6n^4ii  1 A ITcinLivc  jResponse  iLiiergy  F'r&cticn  i)*  —  Iv 

Interval  ( 500°K  Dlackbody)  ( Mid-Interval)  x  ,  rtelative  Response) 

(ii )  Relative  Response 


1-1.5 

7  X  10'® 

20 

.7  X  10^“ 

1. 5-2.0 

3.7  X  10*'‘ 

32 

1.1  X  10^° 

2.0-2. 5 

0.0032 

44 

0.1 

1.5  X  10*“ 

2. 5-3.0 

.012 

55  ^ 

0.” 

1.9  X  10^° 

3. 0-3. 5 

.024 

66 

1.6 

2.3  X  i0^° 

3., 5-4.0 

.038 

04 

3.3 

2.9  X  10^° 

4.0-4. 3 

.050 

90 

4,5 

3.1  X  10*® 

4. 5-5.0 

.058 

80 

4.6 

2.8  X  10*® 

5.0-5. 5 

.062 

55 

3.4 

1.9  X  10*® 

5. 5-6.0 

.063 

30 

1.9 

1,1  X  10*° 

6.0-6. 5 

.061 

6. 5-7.0 

.058 

7.0-7. 5 

.054 

7. 5-8.0 

.050 

e.0-8.5 

.045 

8. 5-9.0 

.041 

9.0-9.5 

.037 

9.5-10.0 

.033 

10.0-10.5 

.029 

10.5-11.0 

.027 

11-12 

.045 

12-13 

.035 

13-14 

.029 

14-15 

.022 

•*  e  1  o  Ol  O 
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vv  ct'.  t-iflljiin 
Tntpvi'n  1 


i  O-  I  < 

’  7  IS 
18-19 
ie-2n 
20-22 


22-24 


24-2i> 


20-20 

28-30 


TABLE  A-2.  f  Contim.ed^ 

LncriiV  1  rajlun  Relalitf  Rfsivin^ie  Energy  Fraction  D*  =  K 

'  SOO^K  BlackBodvl  ?  Mid-Inter va!)  x  (Relative  Respunse) 

Relative  Response 

,uio 

r.-!  o  -  ^ 

.011 
00  84 
.015 

.0097 

.0072 

.0l5I) 

.0029 


^  Sum:  20.0 

I 

A. 4  NOISE  5  'ECTRUM  ;; 

The  noibe-vullufce  spectrum  is  ubiained  witli  the  system  describee!  in  Section  A.l.  However,  the 
light  .  ource  is  removed,  and  the  noise  voltage  is  obtained  by  simply  reading  the  voltage  at  the  wave 
aiialyzcr.  A  typical  plot  ul  noise  spectrum  is  shown  in  Figure  A- 15. 

A. 5  SENSITIVITY  CONTOURS  I 

If  a  microscopic  spot  of  light  is  projected  onto  the  surface  of  a  photodetector,  and  Uie  photore- 
sponsc  recorded  as  a  fur.ctir.n  of  flie  spjf's  g-osition,  it  is  found  that  the  ptiotoresponse  generally 
changes  with  the  spot's  position.  The  surface  of  the  detector  is  thus  rarely  Qniforin  in  its  photore¬ 
sponse.  The  film  detectors  ( lead  compound  family)  are  the  worst  offenders  in  this  regard.  If  a  graph 
of  pliotorespoiise  versus  hglit-spot  position  is  made,  and  points  of  equal  pliotoiesponse  are  linked 
lonedier,  the  resultant  plot  provides  a  'sensitivity  contour,"  illustrated  by  Figure  A-16  for  a  PbSe 
deiepior.  , 

The  exper:imental  arrangement  at  Corona  to  obtain  sensitivity  contours  uses  a  microtable  which 
allow-,  tlir  i  rll'to  be  moved  a  small  measured  amount.  The  table  is  linked  through  a  system  of  gears 
to  a  plotting  table  wnich  gives  up  to  a  36/1  increase  in  the  scale.  The  exciting  radiation  is  from  an 
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freqijen(;y  (cps) 
i[ 

FIGUHE  A- 15.  DETECTOR  NOISE  SPECTRUM 

incandescent  tungsten  bulb  chopped  at  90  cps  and  is  passed  in  reverse  through  a  microscope  so  that 
a  spot  0.066  mm  in  diameter  is  focused  oiTo  the  detector.  As  the  detector  is  moved  beneath  this 
radiation,  the  relative  response  at  10  percent  intervals  is  noted  on  the  plotting  table.  Lines  connecting 
cfiua!  points  of  sensitivity  are  then  drawn  to  c  otain  a  plot  such  as  in  Figure  .a.  Id.  This  light-prote 
technique  is  aiso  Important  lor  its  utility  in  liuidamenUl  research  programs  on  detector  materials, 
where  it  i.s  used  in  studies  of  diffusion  length,  time  constant,  and  mobility  (Reference  A-7).'^ 

Contours  of  the  sensitive  area  of  a  photodetector  are  of  principal  concern  when  the  optical  system 
associated  with  the  detector  does  not  utilize  the  full  area.  Also,  they  are  important  in  determining  an 
averaged  evaluation  of  the  surlace  area  lor  substitution  in  the  expression  for  D*  . 

A. 6  GENERAL  COMMENTS 

A  summation  of  data  necessary  to  evaluate  a  detector  is  shown  in  Figure  A-17,  which  consists  of 
3  typical  data  sheet  from  an  NOLC  report.  Notice  that  the  data  for  blackbody  and  spectral  response 
are  lollowed  by  sets  of  three  numbers  in  parentheses.  These  numbers  represent  quantities  which  have 
esscniiaiiy  become  standards  lor  i  aling  infrared  detectors.  The  notation  D*  (500,  yO,  1)  under  black- 
body  rc  sponse  means  that  the  test  blackbody  was  operated  at  500°K,  ti“ie  radiation  from  the  blackbody 
was  iiniphtude  modulated  at  a  frequency  of  90  cps,  and  the  bandwidth  of  Uic  evaluation  was  normalized 
to  1  cps.  Tor  !)•  !  .1 ,  yO,  1)  under  spectral  response,  refers  to  the  ■.vaveiengUi  at  which  detector 
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Fir.URE  A-16.  DETECTOR  SENSITIVITY  CONTOUR 

response  is  a  nia.\imuni,.  while  the  other  numbers  mean  the  same  as  above.  The  quantities  and 

P  refer  to  detector  noise  equivalent  irradiance  and  NEP,  respectively. 

N 

A  quantity  denoted  as  "Jones'  S"  appears  in  the  table  and  merits  discussion.  The  term  was  sug¬ 
gested  bv  H.  C.  Jones  (  Reference  A-8)  early  m  the  development  of  infrared  photoconducting  detectors. 
Refer  to  Equation  4-52.  separating  out  the  factors  of  frequency,  bandwidth,  and  area:  it  fciUrrs  t.hat 
ihi.  Hoif  c  tivity  la  the  cxicss-mnse  limited  case  is  proportional  to  the  square  root  of  the  frequency. 
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CELL  SENSITIVITY  CONDITION, ■?  OF  MEASUKEMfciNT 

3UU“  K  Ulackbody  ChoDPine  freauencv  (cos)  90 

response 

Rindwidth  icpsl  5 

;i^- (watts  cos’  ^-cvr.-'i 

(500.  30.  D  4.5  X  10-9  Itjn-.i.-iily  (T)  2.3.5 

(500,  ,  i)  . 

Cell  iemperatuiC-  (-C)  -1S5 

Pm  ( watts/' CDS i' 2) 

(500,  90,  1)  I  0  X  Dark  resistance 

(500,  ,1)  .....  (ohms)  5.2 -x  106 

Jones  S  (watts. -'em)  Dynamic  resistance 

(500,  90,  1)  6.5  X  10'9  (ohms'  ..... 

(500,  ,1)  . 

Load  resistance 

D' (cm •  cos*'^2'watt)  (ohms)  5.5x10® 

(500,90,1)  1.5  x  109 

(500,  ,1)  .  Transformer  .  .  . 

Spectral  peak  (p)  1.5  Cell  current  (p  amps)  1.5 

Response  at  spectral  Cell  noise  (p  volts)  47 

2£ak 

Blackbody  flux  density 

(watts' cps*' cm2)  (p  watts/ cm2,  rms)  7.7 

(a,  90,  1)  4.1  X  10'-  - 

(A.  ,  1)  . 

(watts-cps^  2 

(A,  90,  1)  9.4  X  10'3 

(A.  ,  i)  . 

CELL  DESCRIPTION 

Junes  S  (waits/ cm 

(A,  90,  1)  5.8x10"*^  Type:  Ge  (AuSb  (lotied) 

(A,  ,1)  ..... 

Angular  field  of  view  apnro.x.  !!0° 

D*  (cm  cps^'  2  'watt) 

(A.  90.  I)  l.G  A  iG*'  Window:  sauphire 

(A,  ,  1)  . 

Method  of  prepartltion:  crystal 

Elfective  time 

constant  (p  sec)  8.1  x  10-  Area  (cm^):  2.25  x  10-2 

D.4T-4  SHEET  NO.  675 
PHILCO  CORP.,  CELL,  NO.  1207 


riGLUt  .4-17.  A  TYPICAL  DATA  SHf.LT 
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I  rt-ci'.  y!  op.,>rti  jriai  lo  the  :,quHre  root  ol  Uif  product  oi  area  aiid  banciwicfth.  It  follows  that  the 

:  .  citei  .1:5 

lone?  ■  S  -  ■/  f  D* 

1-:  i  oi-.a-itity  ;ndo  pen  dent  of  Lhc  frequency  of  a  ineasuiement  and  therefore  useful  tor  evaluating  intrin¬ 
sic  uciccumy.  i'ne  development  ot  inirared  detectors,  however,  has  advanced  to  a  state  where  l/f 
,,  ICS  Hniilations  have  been  reduced  to  the  point  whijre  this  concept  is  no  loneer  useful.  It  is  incor¬ 
rectly  used  when  applied  to  any  ol  the  otlier  types  of  noise  limitations.  Jones  has  recommended  ths.r 
.tor-pi-.'s  hr  rtierontinuedas  a  means  of  ratim;  detectors.  This  probably  will  happen  in  the  near  future. 

finally,  as  a  generally  u.seful  report,  which  covers  much  of  infrared  detection  technology,  see 
Heference  9. 
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Appendix  B 

ItNjcS  for  IhlriiARcD  iriSlKUMSiMI^ 

William  T.  Wolfe  ond  Js.hn  Duncan 

B.  1.  INTRODUCTION 

Ma.-.j  iiifr.iieu  inaliuiiicnt  applications  regaire  large-aperture,  high-speed,  optical  systems.  The 
straightforward  approach  to  this  problem  is  careful  design  and  painstaking  manufacture  of  precious 
surfaces  —  which  often  must  be  aspheric,  but  the  straightforward  lechnique  has  engineering  limita¬ 
tions,  e.g.,  maximum  obtainable  size  of  refractive  elements,  and  stress  and  temperature  problems 
with  Very  Urge  reiiect'irs.  The  requirement  lor  voluine  and  weight  reduction  imposed  by  space  .ip- 
plicatiuns  IS  also  an  influential  factor.  .Accordingly,  optica!  dfisignKr.s  have  come  upon  the  idea  of 
using  small  field  lenses  In  contact  with  detectors.  These  lenses  provide  an  engineering  advantage 
over  larger  optical  systems — and  provide  an  additional  advantage  when  used  in  an  already  large, 
high-speed  system.  The  usual  arrangement  has  been  a  hemispherical  button  which  provides  a  gain 
proportional  to  the  refractive  index  (Reference  B-I).  One  of  the  authors  of  this  appendix  (W.  W.)  sug¬ 
gested  some  time  ago  that  some  improvement  might  be  obtained  by  the  use  of  the  aplanatic  surface  of 
a  hemisphere.  More  recently,  it  iias  been  shown  that  the  gam  for  the  aplanatic  cas^  is  proportional 
to  n  squared.*  This  appendi.':  presents  a  more  thorough  uivestigaliun  of  the  problem. 

There  are  tv'o  general  cases  for  which  the  gain  should  be  calculated:  (1)  sources  which  are  small 
compared  to  the  ent-ance  window  nf  the  optical  system,  and  (2)  sources  which  are  large  compared  to 
or  about  the  same  size  as  the  entrance  window.  It  also  is  t.mportar.t  iu  specil'y  whether  tlie  gain  is  ob¬ 
tained  by  changing  the  po.oition  of  the  detector  asseriibly  in  the  optical  system  (keeping  the  detector 
size  constant)  or  by  cha  iging  the  detector  size,  keeping  the  porition  fixed.  Finally,  the  gain  will  de¬ 
pend  upon  the  configuration  of  the  lens  itself.  Only  the  hemisphere  and  aplanatic  .hyperheinisphere 
.ire  considered  here. 

_ _ I _ _ _ 

This  result  was  obtained  by  Eric  Wormser  and  John.  Stronir  and  indicated  in  a  private  com- 
niunication. 
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The  ir.ciusioii  of  all  these  parameters  in  the  nalysis  requires  consideration  of  eight  cases. 

These  cases  are  listed  below: 

X.  Point  Source 

A.  .'Mristani- Area  Detector 

1.  Apianatic  lens 

2.  Henuspherical  lens 

T.  C'jiiHiani- Position  Detector 

1.  Apianatic  lens 

2.  Hemispherical  lens 

11.  Extended  Source 

A.  Constant-. Area  Detector 
t.  Apianatic  lens 

2.  Hemispherical  lens 

B.  Constant- Position  Detector 

1.  Apianatic  lens 

2.  Hemispherical  lens 

B.  2-  DEFINITION  OF  TAIN 

Since  infrared,  Immersion,  optical  systems  are  the  sole  subject  of  this  paper,  the  gain  can  be 
defined  as  the  ratio  of  t.hc  output  of  an  infrared  detector  which  Is  Immersed  to  the  output  a!  an  unlm- 
mersed  detector..  The  useful  output  of  a  detector  may  l>e  specified  as  the  signal-to-nolse  ratio  S/  N 
generated  iiy  a  jjlven  input  power  P.  This  can  be  written  in  terms  of  the  detectivity  D; 

S/  N  =  P  D 

Thus  the  gam  U  is 

„  (S/N)' 

■  S/n'  ■  PD 

where  priiTiO.-  indicate  quantities  describing  the  immersed  system.  The  gain  is  equal  to  the  ratio  of  the 
product  of  tXie  incident  pewer  and  the  detectivity  for  the  two  cases.  It  has  been  shown  that  the  detec- 
nviiy  oi  a  detector  is  inversely  proportional  to  the  square  root  of  its  area  (Reference  B-2).  Thus, 


A  j, 
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B.3.  POINT-SOUROE  CASES 

If  the  object  to  be  viewed  is  a  radiating  point  source,  and  if  reflection  losses  are  ignored,  the 
received  by  an  ininriersecl  rtetector  is  the  samt  as  the  powrr  received  by  an  uniaunersed  detec¬ 
tor.  Then  tlie  gain  is 


G  = 


P  Va' 


\A' 


j 

I 

i 


If  the  deiertpr  area  is.  not  changed  (Cases  lAl  and  TA2),  there  is  no  gain.  If  Uie  immersion  lens  Is 
used  so  that  the  area  of  the  detector  can  be  decreased,  the  gam  will  equal  the  ratio  of  the  square  roots 
of  the  detector  areas,  f’or  the  aplantlc  lens  (Case  lEl)  this  ratio  U  n“,  or 

,  2 
li  =  n 

This  relationship  can  be  obtamed  through  the  followirig  considerationa  (Figure  B-1).  A  spherical 
lens  of  refractive  Index  n  and  radius  r  is  placed  in  air  (ol  refractive  Indifx  I).  Then  two  hypothetical 
spheres  are  constructed  concentric  with  the  spherical  lens,  one  with  radius  nr,  one  with  radius  r/n. 
The  lens  then  has  the  property  that  all  rays  which  would  have  mtersected  the  outer  sphere  at  B  (e.g., 
AB)  now  mtersect  the  inner  sphere  at  C.  Furthermore,  the  Image  is  aplanatic  —  it  nas  no  spherical 
or  comatic  aberration.  The  properties  of  such  a  sphere  are  further  described  in  the  literature 
(References  U-3  to  13-5).  It  is  fMsy  to  see  that  if  c.hords  are  good  approximations  to  arcs  the  ratio  of 
the  linear  di.mensio.ns  of  the  Images  of  the  optical  system  is  given  by  CB/B'f.  Further,  the  triangles 
DEC  and  DBF  are  slmllai ;  thus 

CE  DC  r/n  1 
BF  ‘  DB  '  rn  '  2 


2  4 

The  linear  dimensions  of  the  detectors  have  the  ratio  l:n  ;  the  areas  have  the  ratio  l;n  .  So  the 
gain  is 


G 


For  Lhe  homi.sphcrica!  case  with  constant  area  ( Case  iA2)  there  is  no  gain,  as  noted  above  ior 
Cases  L\.  If  the  area  is  dianged  ( Case  IIJ2),  the  magnification  expressions  (or  a  single  spherical 
surface  can  be  ustd.  The  result  is 
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R.4.  EXTCNDtn-SOURCE  CAdES 

Next,  the  extended-source  cases  may  be  considered.  For  an  extended  source,  the  radiance 
divided  by  the  square  of  the  refractive  index  is  constant.  Thus 

r  P  hi'  N'A’gi'Li’  gi'n^ \|5!^ 

^  '  PD  '  NAu>D  *  ■  u)  ’  A 

where  ■■  N  the  s.ilid  angle  of  the  optical  system.  For  constant  area  (  Cases  IIAl  and  IIA2),  the  gain 

2 

IS  proportional  to  the  ratio  of  the  solid  angles  of  acceptance  and  n  .  These  angles  can  be  determined 
.IS  fiilldvs:  ihc  angle  w  is  the  area  of  the  principal  optical  element  divided  by  the  focal  length  squared. 
When  the  immersion  lens  is  introduced,  the  angle  w’  is  the  area  of  the  image  of  the  principal  optical 
'.■lorii;  nt  fi;:  ;ncd  by  lbs-  imijuisioii  lens  aivided  by  the  distance  of  the  image  from  the  focal  plane.  Con¬ 
sider  Figure  B-2.  The  image  of  the  optical  element  h  is  h'.  The  object  and  image  distances  are  o  and 
I,  rcspciTivdv.  Then  from  two  expressions  ior  magnification  it  is  possible  to  write 

JF  _  j _ 

h  ~  o  -r  r 

Tiiui> 


h  ro  * 

ii  I 
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r.  -  r.  TiiuS  iv>x‘  ilni. 


Thf  problem  then  is  to  determine  d.  Reler  to  Figure  B-3.  The  equation  of  the  edge  ray  is 

h 

y  =  -7  X  *  h 


'^'1 


—  s - -H 


HC'  KK  l<-J.  SOl.lli-ANCLK  (IKdMKTUV 


FIGURE  B-3.  IMMERSION- LENS  GEOMETRY 


where  h  r-  the  semidiameter  of  the  principal  optical  element  and  1  is  its  focal  length.  The  equation 
for  the  immersion  lens  is 


I  X  -  d) 


2  2 
y  =  r 


Other  rclationship.s  can  be  obtained  from  the  geometry;  an  explicit  cquaticn  for  d  might  be  derived, 
but  It  would  not  be  very  useful  because  of  its  complexity.  However,  one  can  also  assume  reasonable 
values  for  1,  ti,  r,  11,  and  d,  and  solve  lor  the  detector  height  f  .  These  calculations  require;  ( 1) 
simultaneous  solution  of  the  two  cquation.s  aliovo  for  specific  values  of  f,  h,  r,  n,  and  d,  (2)  determin¬ 


ation  of  6  -  tan  i- 

j 

and  calculation  ot  a 


- 1  f I  sin  A  fi 

;  .'3;  determination  of  o  =  0  -  i ;  i  4l  calculation  cl  o'  --  sin  1  ^ - ^  ; 

;  n  J 

o':  and  1  5)  calculation  oi  f  v»  iv  -  Hi  tan  e.  T.hese  co.'nput.ttions  can 
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Ilf*  (icnie  !:^ap^l;cally.  Tho  results  of  the  graphical  computatiCins  are  shown  in  Figure  B  1,  _ 

/V  3 

f.gur-?  13-4  is  a  graph  of  ueiecior  iieighi  as  a  function  ol  position  of  the  Immersion  lens  for  an  f/ 
syou  iii  ;  Chosen  close  lo  i/ 1  out  so  liiai  Uie  haii  angle  is  io").  AU  values  oi  the  parameters  have 
b-coii  ncrmali^evl  lo  Luc  xaulus  oi  tiic  iiiinier Sion  leiis. 


1.8  1.6  1.4  1.2  1.0  0.8  0.6  0.4  0.2  0 

s/r 

FIGURE  B-4.  DETECTOR  HEIGHT  V.S.  DISTANCE 
FROM  ORIGINAL  FOCAL  POINT 


The  graphical  computations  were  obtained  In  the  follov/lng  way.  From  Figure  B-3  it  can  be 

■•on  that 


_ t__  _ _ r _ 

sir.  4'  “  ,  r  ”  /.  .Ill 

sin|^+  (fi  -  0')J 

,  r  sin  g' 

■  “  cos  (6  -  1^*) 

The  second  useful  relation  Is  Snell's  law  for  a  material  ot  refractive  index  n  In  air.  This  is  i 

f 

sin  0 '  =  —  sin  i 
n 

These  two  equations  can  be  solved  simultaneously  to  obtain  £  as  a  function  of  5  for  given  n  and  <!> 

!  i.e.,  iS-ri).  The  solution  for  a,  -  30°  and  n  =  4  is  plotted  in  Figure  B-S.  The  coordir.attu  arc  norniaiiieu 
to  the  radius  ol  the  immersion  lens.  The  equation  of  ifie  edge  ray  is 

y  =  -X  tan  «  +  h 


which  can  be  usf  d  to  find  the  oosition  for  the  lens  in  the  system.  The  x  coordinate  of  the  intersection 
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of  the  ray  with  the  lens  is 


-r  sin  6  ■■  h 


II  d  U  the  distance  from  ihe  entrance  aperture  to  the  back  surface  of  the  immerston  lens, 


d  =  X  +  r  cos  6 


j  h  I  ^  slnfi 

a  =  T - ^  +  r  cos  6  -  r - T 

tan  5  \  tan  9  / 


The  focal  length  of  the  original  optical  system  is 


f  —  h  /toes  a 


.  -  I  -  sin 

u  -  i  -r  1  I  CUS  O  -  - - —  1 

\  tan  9  / 
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FIGURE  B-R.  DISTANCE  OF  DETECTOR  SURFACE  FROM 
ORIGINAL  FOCAL  FLANF  VS.  ANGLE  « 


Fiinire  B-5  showfs  the  relationship  of  f  and  'i  for  given  n  and  n .  Figure  B-6  shows  s/ r  as  a 
fuiKtiun  01  5 .  Thus  f ,  r  and  s,'  r  can  be  related  by  use  of  the  two  curves,  and  gains  can  be  calculated. 
The  graph  can  n.vw  !v  to  obtain  the  results  for  Cases  IlAI  and  I1A2. 


u 


If  the  position  of  tne  lens  in  the  optiral  system  is  kept  constant  (Cases  IIBl  and  11B2),  o  +  r  or 
i  n  will  be  equal  to  1,  and  a,'  =  oi'.  Then 


G  ^n-Vx 


\f 


r<M'  Tht’  .it>l.in;Uu  adiyv,  tJie  g.nn  1:  lor  Uie  hemispherKal  cds>e,  the  gain  is  n.  This  case  also 
i\  U'ltni  a  rntjuiremeni  to  keep  x’  .4.‘. 


I 
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n.  r..  LIMITATIONS 

trs  the  gains  derived  above  no  losses  by  reflection  oi  absorption  were  included.  A  loss  factor  K 
may  be  introduced: 


K  -  fl  -p)e 

'.'.’.here  p  i.s  the  intensity  refleeiion  coefficient,  a  is  the  absijirption  coefficient,  and  x  is  the  geometrical 

II 

path  Br-i  ■■ —  ’.u‘‘  raoiarior.  .’.aiiing  on  the  leas  will  probably  not  be  ircident  at  an  angle  of  more 

o 

tlian  40  ,  it  is  rea.soiiabic  to  approximate  p  by  the  Fresrel  expiession  for  ncfrmal  Incidence, 


n  -  l-H 

^  in  V  ly 


Thus, 


K  = 


4n  -ax 
- T  -e 


.  V  11 


In  mnst  cases,  the  reflection  looses  can  t?e  reduced  slgniricinily  by  coatings.  In  regions  of  no  absorp- 
tio.n,  K  may  have  values  of  0.9  to  1.0. 

There  is  a  limitation  in  the  use  of  an  hitrimerslon  lens  In  very  fast  optical  systems.  As  the  speed 
a.nd  tncrclore  the  solid  angle  is  increased,  the  marginal  rays  strike  the  iens-detector  surlace  at  more 
obllfiuc  anglou.  As  the  refractive  index  of  the  lens  compared  to  that  of  the  detector  becomes  larger, 
llie  critical  aiig'j  al.so  increases,  and  the  size  of  the  bundle  which  ca.n  be  accepted  by  the  lens-detec¬ 
tor  combination  decreases. 


Thus  It  c  m  be  seen  llmt  the  desirable  optical  properties  of  an  immersion  lehs  are  low  absorption 
.111(1  biKii  rciiaciive  index.  However,  if  the  refractive  index  of  the  lens  is  larger  than  that  of  the  detee- 
I’T.  the  speed  of  the  optical  sysUm  will  eventually  be  allected.  Finally,  reflection  losses  should  be 
con.sidcn.  (I  .iiid  reduced  as  much  as  possible.  In  tins  connection,  the  reflection  Ijss  at  the  curved 
frniT*  eiirfncc  of  the  im.'iicrsion  lens  may  be  considerably  less  than  the  loss  at  the  flat  surface  of  an 
unimmersed  detector  in  a  h'.gn-.spi’cd  optir.a!  system. 


R.  6.  APPLICATIONS 

Aiiijuucii  tins  appendix  ;s  not  coiicernect  with  properties  of  thermistor  detectors,  it  is  usclui  to 
I  f  vi.'  A  the  fii.iracterislics  oi  iniiiit  rsed  Ihernnstors  to  illu.strate  the  results  obtained  by  the  metlicxJ. 
■  Mii.-'t  ”S  til!  !  lUowing  discussion  is  based  on  an  excellent  review  of  •hermi.st'ar.s  !;v  Dr'.Vaard  ai,d 
U'ormser.  Reference  B-11. 
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f'-  .  ■.■'.'rail.  u.--c-d  is  the  lens,  materia!  ;  i)„  =4  thrt>-ugu  liie  intiaied,  n  ,  ^ 

Ue  ihermistor 

J.'.i.  lUc  rl^ cond'aelivity  oi  germanium  pieventb  direct  immersion  of  the  t.tiermistor 
I  -ir!;  i  m'-.  .  i.-i  i;  i,  . I'.it Ion  .couUl  Ut  iiupaued.  shell  a.mmersioii  '.vouid  otherwise  oe  very 
desirable.  Geimanium  .has  the  desirable  high  Index  of  refraction  and  the  thermistor  material  matches 
It  rpicnnabiy  well.  The  critical  angle  becomes  large  and  the  reflection  losses  at  the  tliennioioi - 
germanium  interface  small.  The  electrical  propertip.s  in  this  case,  however,  are  overri-ding.  Thus, 
aeg.u  aiiu.i  ip.i>.ia  poiyetlnlene.  Mylar,  and  other  plastics  were  used  until  selenium  was  determined 
to  he  a  cupci'ior  material.  The  sclcniuni  used  'was  arsenic -niouliicd  amorpimus  Bek-hium,  also  called 
atTcnium  glas.s.  It  not  only  possesses  superior  optical  properties  —  better  transmission,  even  in  tliin 
layers,' and  higher  refractive  liidex  —  but  it  is  also  superior  mechanically  in  a  number  of  ways. 

It  bliould  be  mentioned  that  in  the  design  of  immersed  thermistors,  specific  heat  and  thermal  con- 
ciuctivilv  pl.iv  .in  inumrUiU  role  in  the  choice  ol  lens  and  film  material.  This  is  because  the  lens  is 
also  used  as  a  iiirai  sink.  With  photoconductive  detectors  these  considerations  do  not  apply. 

The  Darncs  Ecginccriiig  Company  has  made  some  tests  to  compare  tlie  performance  ol  immersed 
system.s  to  those  which  did  not  have  immersion  lenses.  The  experimental  results  for  hemispheres 
approached  those  predicted  theoretically. 


Substituted  fur  unimmerset)  bclo.tneters  In  Barnes  4-ln.  OptlTherm  Radiometers, 
these  immersed  detectors  have  exhtbtU;'’  '’ose  to  theor 'tlcally  predicted  perfor¬ 
mance.  Immersed  and  unlmmersed  bolometers  with  Identical  fields  ol  view  and 
uli  nlical  lime  constants  conipareil  in  the  radiometer  system  Showed  the  immersed 
detfcl  'i-  to  been  better  than  3  times  the  detectivity  ( slgnal/nolse)  of  high  qua¬ 
lity  I  cupper-.Mylar.  Type  D,  Figure  3-3)  unimmersed  units.  ( Reference  B-1,  page 


Further.  Fiircrc  n-7  illustrates  t.he  comparison  of  field  of  view  for  the  immersed  and  unimmersed 
detector.s. 

In  the  i  .isi  .i!  .1  ,,i  I  niaiiiuiii  kns  wiili  a  selenium  film  separator,  a  iield  ol  view  approaching  the 
iiu-oretua!  limit  w.i.s  ■.bt.iino'l  The  critical  .ingle  is  o  . 


To 


'.n  practice,  a  gc-mar.icm  convex  plrno  sphciical  icns  is  gioumi  ami  poiis.hed;  a  controlied-thtcKness 
:.cli  layer  i.,  evaporatt  d  oiitu  tin  plane  surface,  and  the  iherraistor  detector  i.?  tamped  into  place. 

Fnidllv  a  Inver  ui  selcniurri  i"  evaporated  onto  the  detector  to  provide  insulation  for  the  Zapon-black 
l).u  kmc.) 
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Theoretical  Field  of  Vie* 


FIGtllE  B-:.  COMPAnATIVT  FIELDS  OF  VIEW  OF  IMMERSED  AND  UNIMMERSED  DETECTORS  IN 

BARNES  t-INCH  OPTITHERM 


Inimei'Esioii  K-iwes  tor  piiulDCuitUucUve  deiectora  provide  a  somewhat  duierent  set  01  prohlems, 
allhout;li  ‘die  basic  theory  and  many  of  the  techniques  discussed  for  Lhermlstor -bolometer  immersion 
lenses  still  huia.  a  gain  in  iuicar  dimension  approximately  equal  to  the  refractive  index  squared  may 
be  obtauied,  so  it  is  still  advisable  to  use  a  hisch-lndex  material.  Electrical  insulation  Is  a  significant 
problem,  but  thermal  contact  i.s  no  longer  important.  For  most  photoconductlve  detectors  the  fleld-of- 
view  limitations  impised  by  critical  angle  considerations  no  longer  apply.  Tlie  uelector  maierial  has  a 
higher  index  <il  rclractiun  than  the  immersif.n  materlai,  ano  no  separator  is  necessary. 

Ttic  Fori  tW  ha."  reported  ar.  .optical  gain  or  five  wircua  leaii  suliide  ceii  was 

jmincr.si  cl  .n  itn  .  enter  ..I  ,i  sphere  ol  selcniuni  glass  (Hclcrcnce  D-6).  I  Apparently  the  glass  is  liieir 
.'.nsenlc-m  dified  selenium  glass  with  an  index  of  refraction  of  about  2.5  at  about  2  p.  Thus,  since  they 
use  a  hemisphere,  a  theoretical  area  gain  of  about  8.25  can  be  expected.) 

The  Factmun  Kodak  Coiupaiiy  has  also  tried  germanium  as  an  Immersion  material  (Reference 
H-7).  Electrical  shunting  problems  arise  as  with  thermistors.  Silicon  rniinnxid.e  has  oeen  used  as 
.11!  iii.sui.itipc  iilr.i,  t>ul  small  holes  in  the  iTim  have  cau.sed  shortmg  problems.  They  have  also  tried 
-st.-ontuini  iit.inate,  titanium  dioxide,  and  NBS  experimeua.!  glass  F-234  for  immersion. 

The  imnicrscri  detectors  currently  made  by  the  Eastman  Kodak  Company  are  lead  sulfide  depos¬ 
ited  onto  strontium  titanate  lenses.  The  theoretical  area  gain  in  this  case  is  almost  2.3,  the  value  of 
the  rcir.utivc  index  around  2;,.  Infrared  Industries  and  the  Electronic  Corporation  of  America  both 
report  that  thev  have  been  ti.r.  etgfij j  in  ,>n(  ..niy  :n'.rr.cr.o:r.v  PbG  on  CrTiG.^,  but  also  iii  cuoiing  the 
■  'mr’in.ui'i;',  to  liquid  nitrogen  temperature.s. 
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rnis  01  c-^uroP  points  out  the  dcicUtiorial  characteristic:  •*hk  h  is  desirable  in  materials  for  immer- 
si'jii  ieiises  ir.amly  for  quantum  detectors:  tlie  thermal  expansion  of  the  lens  should  match  that  of  the 
di'terror.  Tne  linear  coefficient  of  the  tliejimai  expansion  of  lead  sulfide  is  about  twice  that  nf  strcn.- 


tiam  titanate.  -  18  x  10  per  dettree  centigrade, 


-6 

-  S.4  X  iO  per  degree  centigrade). 


SrTlOa 

One  ronlfi  therefore  expect  a  certain  anpeunt  of  separation  when  the  cOiiibination  is  cooled  by  approx- 
imattiy  bu  C,  although  trie  lead  sulfide  fi[lni  could  spread  out  some,  The  cembination  is  probably 
more  stable  when  the  thermal  conductivity  of  the  lens  matches  that  of  the  detector.  One  approach 
might  be  the  use  ol  barium  titanate,  which  has  an  expansion  coefficient  of  16  x  lO'®  per  degree 
centigrade  in  the  temperatur.  range  considered  and  a  high  dielectric  constant.  Its  retractive  Index 
Is  about  the  same  as  SrTiO^  (  '2.40). 
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Ap^ndix  C 

COOilNG  DEVICES  for  INFRARED  DETECTORS 

ruat  ft.  porker  ond  William  L  Brown 

C.l.  INTRODUCTION 

The  operating  temperatures  of  present-day  infrared  detectors  range  from  1.2°K  in  the  case  of 
impurity  activated  indium  aiiti-n-viidc  to  300^ii  lor  the  lead  salts.  The  proper  temperature  for  a  given 
detector  is  determined  by  noting  the  temperature  dependence  of  the  optica!  and  photoelectric  proper¬ 
ties.  and  choosing  that  temperature  whicli  provides  the  best  results  for  the  system  of  interest.  The 
important  characteristics  which  depend  upon  temperature  are  detectivity,  iiin.“  constant,  spectral 
rpspoiise,  and  icsistance.  In  some  cases  detectivity  may  be  optimized  by  cooling  with  iiitie  or  no 
sacrifice  in  time,  constant,  resistance,  or  spectral  response.  Examples  of  this  are  high- impedance 
indium  antiinomde  and  indium  arsenide,  where  cooling  to  provides  optimum  detectivity  with 

little  change  in  the  other  characteristics.  On  the  other  hand,  the  characteristics  of  lead  sulfide  are 
strongly  dependent  on  temperature,  r.miing  causes  a  shift  in  long-  vavelength  tlireshold  toward 
longer  wavelengths,  in  contrast  to  the  shift  toward  s.horter  wavelengths  which  is  characteristic  of 
most  otiher  i.iatei  ials.  However,  the  recombination  time  increases  with  decreasing  temperature, 
as  does  the  ro.sistaiicc.  The  effects  of  temperature  variation  for  lead  sulfide  (reference  IJ  are  shown 
in  Figures  C- 1  and  C-2.  Figure  C- 1  shows  the  variation  of  .spectral  response  with  temperature,  and 
Figure  C-2  presents  tl;e  depenoence  of  detectivity  upon  chopping  frequency,  with  the  temperature  and 
corresponding  time  constant  as  parameters.  The  detector  element  which  requires  cooling  is  usually 
mounted  in  a  vacuum  fla.sk,  called  a  dewar,  into  which  a  cooling  head  m.ay  be  placed.  The  flask  is 
doublv-wallcd,  witli  the  detector  mounted  on  the  inner  wall  and  an  infrared-transmitting  window  In- 
-■orpor.ltcc!  into  iiie  uuier  watt,  in  situations  where  it  is  impractical  to  place  the  cooling  head  close 
tu  tile  detector,  a  highly  conductive  material  (e.g..  a  ruby  rod)  is  used  as  the  heat-transmitting  med¬ 
ium  between  the  detector  and  th»  cnobng  hc.'.d. 

.Several  'iiethods  arc  available  for  cooling  an  inlrared  detector  to  the  required  temperature  and 
iiaintaimug  tli.it  teniperalure  during  the  desired  operating  time.  The  cooling  devices  derived  from 
the.se  methods  arc  nf  fr.,.-  major  tvpc.---  (1)  iS.ec'-cuntact  ro.iler.s,  (2)  Joule-Thomson  cryo,stat.s, 

(3;  e.-tpansioii  engines,  and  (4)  .hermoelectnc  coolers.  The  first  three  of  these  are  considered  in 
dti  111  n.  loo  .u-xi  .-eciioiis.  lollowed  tiy  a  brief  discussion  of  thermoelectric  coolers  and  other  methoHc 
'll  c  iiiinu;-  bi'ctiou  C.h  presents  some  information  on  c  imiTierrii'.  1  mocicl.s  o!  c  j'/lcrs. 
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WAVELENGTH  (/4  FREQUENCY  (cps) 


FICltKFt  C-1.  SPKCTSLM-  HKSPONSE  OF  PbS 
nFTFqjORS 


FIGURE  C  2.  WiHJATICN  OF  riFTECTIVITY  AT 

SPECTRAL  PEAK  WITH  CHOPPING  FREQUENCY 

2 

FOR  PbS.  Af  »  1  cps;  A  =  1  cm  . 


C.2.  DIRECT'- CONTACT  COOLERS 


The  simplest  technique  for  cooling  infrared  detectors  Is  one  in  which  the  detector  is  in  direct 
thermal  cuntact  with  a  supply  of  liquid  coolant  (e.g.,  nitrogen).  A  great  variety  of  such  direct-contact 
coolers  is  available,  in  widely  varying  slses,  for  low-temperature  applications.  Nearly  every  major 
producer  of  Infrared  cooiing  devices  makes  at  least  one  type  of  direct-contact  cooler  for  Infrared- 
detector  applications. 


Often  the  direct-contact  cooler  consists  merely  of  an  unpressurized  supply  of  liquid  in  the  detector 
dewar,  but  the  systems  vary  up  to  types  requiring  pressure  regulators,  insulated  supply  lines,  healing 
piemeiitK,  nr.->siii ri y-'J  cooUng  heads,  and  picssurizcd  tanks.  One  of  the  more  basic  systems  will  be 
described  first,  since  the  simpler  cooling  devices  are  merely  truncations  of  the  basic  apparatus 
which  transfers  liquid  cvK-ilant  ffom  a  low-pressure  supply  tank  to  the  cooiing  head  by  means  of  a 
pressurized  ctiainiier  (Figure  C-3i.  The  physical  operation  of  the  system  is  as  follows.  The  supply 
%  ill  o  ■'poiib,  allow  iiii;  liquid  to  flow  from  the  supply  tank  *nlo  the  pressurized  clianiber.  As  soon  as 
a  predetermined  levs;l  is  reached,  the  supply  valve  closes  and  l.cotci  ib  turned  on.  The  neaiei 
IS  controlled  by  a  pressure  sensor  which  is  set  to  maintain  a  flow  of  liquid  into  the  cooling  head  at  a 
rate  Sufficient  to  replenish  the  liquid  which  boils  off.  Gas  formed  from  heat  exchange  with  the  ap- 
paiatUb  flows  Ihroueh  the  relurii  line  and  out  the  vent  port.  Any  excess  liquid  flov/s  hack  to  the  supply 


tank  through  the  return  iine.  As  soon  as  the  liquid  level  in  the  pressurized  chamber  falls  below  a 
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FIGURE  C-3.  BASIC  DIRECT-CONrACT  CCXJUNG  SYSTEM 

certain  level,  the  level  sensor  shuts  the  heater  off  and  opens  the  supply  valve,  admitting:  more  liquid 
from  the  supply  tank.  The  process  then  repeats  itself  until  the  supply  tank  is  empty. 

It  is  evident  that  the  atxivp  .system  may  be  simplified  without  seriously  llmttlnc  Its  performance 
a.s  a  cnoliiij;  device.  The  pressurized  chamber,  supply  valve,  and  return  line  may  be  removed  and 
the  heater  placed  in  the  supply  tank  (Figure  C-4).  This  modified  system  is  the  most  oomnson  direct- 
contact  cooling  device  on  the  market.  The  main  problem  encountered  is  the  waste  of  liquid  by  over¬ 
flow  from  ttie  rooiiivg  head. 

The  31  iiplest  system  of  all  may  be  obtained  by  further  elimination  of  the  supply  tank,  heater, 
and  supply  line,  leaving  only  the  rooting  head.  A  liniited  .supply  ol  cooiant  may  then  be  poured  into 
the  dewar  and  cooling  will  proceed  until  the  liquid  is  completely  evaporated-  Such  a  system  is  quite 
E-Ttisfartory  for  laboratory  usage  and  has  been  developed  by  some  companies  for  use  in  field  appli¬ 
cations  (Relerence  C-2). 

A  di reft -f. intact  liquid-.helium  cixilor  has  iieen  described  (Reference  C-3,  page  332)  in  which 
te-nperature.s  less  than  4.2'^K  have  been  maintained  for  relatively  long  perindc  of  time.  The  sysieni 
'lei  lies  us  usefulness  from  the  f.iet  that  the  saturation  temperature  of  a  suh.stanre  decreases  as  its 
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pressure  decreases  (Fi^pare  C-8).  Liquid  heliuii:,  at  atmospheric  pressure  and  4.2°K,  is  delivered 
through  a  "flash-evaporation"  valve  into  a  region  of  constant  low  pressure  where  part  of  the  liquid 
evaporates,  couling  the  rest  to  the  low-pi’essure  saturation  temperature.  The  temperature  is  con- 
troiifA  t,,,  reg-jlation  of  the  low  pressure.  The  major  limitation  of  the  system  is  the  size  of  vacuum 
niinip  required  to  niaiistaiii  the  low  pressure.  Ten  mw  of  cooling  pt  a  temperature  of  1.25^K  were 
oUaiiied  With  a  10  cubic -ft,  imiiute  vacuum  pump  which  maintained  the  pressure  at  1mm  of  mercury. 

C.3.  TIIF  JOULE-THOMSON'  EFFECT 

One  of  the  more  common  methods  for  cooling  infrared  detectors  employs  a  device  known  as  a 
cry  .biai,  In  winch  a  iiigil-prcssure  gas  is  caused  to  flow’  through  a  tube  and  e.’cpand  to  low  pressure 
t.hrough  an  orifice  ?t  the  end  of  the  tube  (Figure  C-5).  Cooling  accompanies  the  expansion  due  to  a 
iii'.ciiviiii enc'.i  snuwii  as  tiic  doiiie - Tnomsuti  \0a  vOulC'«Awl*m)  efAcCf.  The  efficiency  of  the  device  is 
increased  by  allo-viiig  hc.al  c.xchange  between  the  cooled  outgoing  gas  and  the  warm  incoming  gas. 

C.3.1.  THERMODV.NAMICS  OF  THE  JOULE- THOMSON  EXPANSION.  The  classic  experiment 
which  csuniplifits  t.he  Joule  -  Thomson  cficci  was  first  performed  by  William  Thomson  and  James  Joule 
Phnnr  inn  yp.irs  arn.  The  experiment  ulilir.ed  a  porous  plug,  .made  of  cotton,  embedded  in  a  beechwood 
pipe-  ieSSentiailv  an  insulatoi)  to  provide  ai;  adiabatic  transition  from  a  region  of  constant  high  pres¬ 
sure  On  one  Side  of  the  plug  to  a  region  ol  constant  low  p.-essu:  e  on  the  other  side.  The  porous  plug 
.vas  Ubi  ci  insuad  el  a  small  orifice  otcausc  iL  was  considc'ed  desirable  to  have  a  smooth,  uniform 
ii'jw  1'.  liif  niw -uresiure  regiu.i  so  that  ihe  iiu-i  niodynanac  quantities  'wouid  be  well  defined. 


258 


fuff*  or  Science  and  fechrtology 


The  University  cf  Michicjrin 


£ 


J| 

1 


FIGtrRt  C-5.  JOL•LE-TI^O^^SO^■  COOLER 


FIOURE  C-6.  JOULE-THOMSON  POROUS-PLUG 
EXPERIMENT 


The  porous-plug  experiment  may  be  represented  by  the  syslem  shown  in  Fi|{ure  C-6.  After  a 
steady -state  temperature  distribution  is  reached  in  the  system,  uhtre  is  no  heat  transfer  along  the 
eras  stream.  The  gas  in  and  Vg  may  be  considered  as  one  mole  of  gas  observed  before  and  after 
passing  through  the  plug. 

As  the  gas  flow.s  through  the  plug,  the  force  p^A  acts  through  a  distance  Vj/A  and  the  force  p^A 
atts  through  a  distance  v^/  A.  (See  Section  C.8  for  definitions  of  symbols.)  The  total  work  Is  there¬ 
fore 


Jdw  i  pj 


h  ■  P2''2 

There  is  no  heat  transfer  along  the  gas  stream  nor  through  the  pipe,  and  thus 

J  dq  =  0 

Ttje  cr.s;i*{fc'  kinetic  and  potential  energy  is  r.ei,4igiU«,  and  so  the  lirst  law  ol  thermbd5rnamlcs  re- 
duct’s  to 


-Jdq./ 


dw 


Therefore, 


The  enthalpy  is  defined  as 


u.  -  U2  =  -(PjVj  -  P2V2) 


h  -  u 
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■jv  .uA.iLiut  me  ili-at-ia'v  relation  as 

“1  ^ ‘'r  1  “  “2  ^ 

it  ran  hp  seen  that  the  piorous-plug  experinifnt  is  a  constant -irnthnlni, 

ri  i.  of  interest  u.  investigate  the  Joule- Thomson  effect  from  an  analytical  thermodynamic  view¬ 
point.  This  may  auUe  easily  be  done.  Tho  fnlirtwin/r  4rtr«0Ki«%r«  . /n../ _ 

.,  •  -  -  -  — ^  -  ...  - 

any  g[as: 


v.wsewe.el^ee  U»««CAC;ilvr  V^~t,  X3Vf  001.0  lOf 


Combining  these  for  uh  ■  0, 


dh  =  T  ds  t  V  dp 

ds  =  (c3/?T)pdT  +  (Os/6p)_dp 


(?s/?T)  =T'>q/aT)  =eT' 

P  p  p 

(3s/3p)»  =  -Ov/ar) 

T  p 


(.TT/op)^  =  c  ^  [T(av/aTL  -  V 

•*  P  w  . 


The  qaa.itlty  (37, ';p)^  is  ceiled  'he  "Joule-Thomson  coefficient”  of  the  gas.  The  temperature 
change  in  a  Joule -Thomson  expansion  is  given  by 


AT 


f 

'J  (oT/5p)  dp 


The  nati!.-e  of  the  temperature  change  during  a  Joule-Thomson  expansion  can  be  studied  using 
van  dcr  Waals'  gas  equation  (Reference  C-4,  page  55) 

r  -2 

IP  ^  av  )(v  -  b1  =  KT 

where  a  is  a  constant  which  relates  to  the  cohesive  forces  between  the  molecules,  b  Is  a  constant 
Which.  accou..l=  fui  Ciie  finite  volumes  oi  the  molecules,  and  R  is  the  gas  constant.  Neglecting  second- 
Order  ter:ii.>  i.i  a  and  b, 


fcr\  _  -I/2a 

\?p4  ‘p  \rt  ‘'V 


oAn 
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va,.  del'  VVaaic.'  t-quation,  T/dp).  >  0.  r  <  .'"a/HPi  rke  point  ia  sr.  isentbalpi!  process  at  which 

(ST'c'p),  '  U  is  known  as  the  "iuversif'n  point." 

fV^T/nni  >  0 

when  T  <  (2a/bn).  The  point  in  an  isenthaipic  process  at  which  OT/Sp).^  =  0  is  known  as  the  "in¬ 
version  point." 

It  aiuiulii  be  empnasued  that  van  der  Waals'  equation  does  not  represent  the  properties  pi  an 
actual  gas  well  enough  to  permit  an  exact  analysis  oi  the  Joule-Thomson  effect.  An  example  clearly 
illustrates  this  pci.nt.  Careful  measurements  by  Roebuck  and  Osterburg  (Reference  C-5,  page  25!) 
using  nitrogen  gas  at  atmospheric  pressure  between  and  373®K  yielded  the  empirical  formula 

OT/ap}.  =  -0.0020  (3e/T)^  °K/pBi 

n 

whereas,  with  values  of  a  and  b  from  Reference  C-fi,  v?,n  der  Waals'  equation  gives 

(dT/dp).  =  -0.0092  +  8.0/T  °K/p8l 

n  .1 

The  same  analysis  which  describes  the  porous-plug  experiment  holds  for  "throttling"  through  a 
valve  or  an  orifice,  as  in  a  cryostat,  since  the  assumptions  of  no  heat  transfer  and  no  change  in  kinetic 
and  potential  enerity  still  apply.  In  general,  it  may  be  said  that  the  temperature  change  of  a  real  gas 
under  conditions  of  constant  enthalpy  uepeiids  upon  the  initial  and  final  pressures  and  the  Initial  tem¬ 
perature  of  ths  gas.  Thp  mujjnitudfi  of  tnc  temperature  change  associated  with  a  given  set  of  inlet  and 
outlet  conditions  may  be  determined  from  curv'es  showing  temperature  as  a  function  of  pressure  at 
constant  enthalpy,  as  in  i'igure  C-7. 


PRESSURE 

FIO'iHE  C  T.  I-SENTItAf  FTP  ri_:ny£;5  A.N'L; 
INVERSION  CURVE  FOR  A  GAS 
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:  I.-  :  ..it  i  SI  -><|  I!!:-:'  expaiisiu:;  thr.ju^h  an  •irui-.’e  iioi  a  j;rac3ual  process  (i.e.,  is  noi 

iiit  iser.tr^ipic  curve  is  not  the  graph  of  the  expansion  process,  but  rather  represents 
tile  iucus  of  ail  equitiOrlunr?  states  of  the  eas  at  a  certain  enthalpy.  Hence,  a  hen  the  inlet  conditions 
correspond  to  a  point  on  a  certain  isenthalpic  curve,  the  outlet  conditions  will  fall  on  the  santG  isen- 
thaipic  curve,  but  iiothinii  can  be  said  about  the  "inferntcdiats  states"  of  the  pmcess. 

A  method  of  obtaining  an  isenthalpic  curve  for  a  eas  is  to  aitov;  the  pl  easure  of  the  cue  to  de¬ 
crease  in  small  steps  through  a  series  of  throttling  valve.s  and  measure  the  temperatures  and  pres¬ 
sures  at  each  step.  The  points  corresponding  to  the  measured  values  of  temperature  and  pressure 
lie  OP  the  isciit.halpic  curve,  which  reaches  a  maxiiViuni  al  its  inversion  point.  By  using  several  dif- 
f»rent  Initial  temperatures  and  pressures,  whole  families  of  isenthalpic  curves  may  be  obtained. 

The  locus  of  all  the  Inversion  points  is  tne  inversion  curve  for  the  gas.  For  any  initial  condition 
fPj,  Tj)  falling  to  tlip  left  of  the  inversion  curve,  cooling  will  accompany  expansion  to  (p^,  T^)  at 
some  point  along  the  ifenthalnic  curve.  !f  the  gas  is  initially  to  the  right  of  the  inversion  curve,  the 
temperature  change  could  be  positive  or  negative,  or  there  might  be  no  change  at  all. 

If  the  gas  is  initially  above  the  maxiroutn  inversion  temperature  (Figure  C-7),  it  wiU  always 
heat  up  in  an  iseiithiillplc  expaiision.  An  example  is  compressed  helium  gas  itt  200  atmospheres  and 
at  room  temp.nrature,  which  is  sufficiently  above  the  maximum  inversion  temperature  to  cause  a 
rise  ot  12°K  upon  expansi,  i  to  the  atmosphere. 

Condensation  will  occur  when  the  outlet  temperature  and  pressure  fa!)  on  the  saturation  curve  of 
tlie  gas,  as  at  point  0  In  Figure  C-8.  Note  that  the  ise.ntha'plc  curve  uOis  noi  cross  the  saturation 
curve,  but  rather  fulluws  along  it  for  some  distance  before  finally  ri.sing  above  it  again.  If  the  outlet, 
coiiditions  correspond  to  point  C  in  Figure  C-8,  re- evaporation  will  overcome  condensation  and  no 
liquid  will  form. 

C.d.^.  JOULE-THOMSON  COOLERS.  The  Joule-Thomson  cooler  is  probably  the  most  common 
of  all  infrared  cooling  devices.  A  few  of  its  more  important  features  will  be  discussed  here. 

The  cryostat,  as  the  Joule-Thomson  cooler  is  usually  called,  is  made  from  a  length  of  finned 
tubing,  coiled  around  a  mandrel,  with  an  orifice  at  the  exit  end  of  the  tube  (Figure  C-5).  A  high- 
pressure  gas  enters  the  tube  at  a  •emoerature  h.-iriw  its  maxi.iiu;;;  inversion  temperature.  It  passes 
through  ihe  tulie  and  expands  at  the  orifice,  cooling  by  virtue  of  the  Joule-Thomson  effect.  The  gas, 
vnus  cooleld,  passes  back  over  ihe  finned  lulling,  cooling  the  incoming  gas.  The  process  is  carried 
,  „nt!nuc;unly  until  liisuiu  b.,gins  to  emanate  from  the  orifice.  The  temperature  of  the  cooled  gas 
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FIGURE  C-8.  ISENTHALPIC  CURVES  SUPER¬ 
IMPOSED  UPON  PHASE  DIAGRAM 

is  then  constant,  since  the  liquid-gas  combination  is  a  saturation  state  of  the  gas  (e.g.,  point  B,  Fig¬ 
ure  C-ii).  Thif  temperature  is  the  boiling  point  of  the  gas  at  the  exit  prtjasure  (atmospheric  pressure 
In  the  case  of  conventional  cryostats). 

T'he  finned  tubing  must  have  a  very  small  inside  diameter  in  order  to  give  a  large  ratio  of  sur¬ 
face-area  to  volume  and  thus  to  provide  efficient  heat  exchange.  This  narrow  passageway  is  subject 
to  clogging,  since  the  extre.nely  low  temperature  of  the  tubing  causes  any  impurities  in  the  gas  to 
free»e  on  the  surface.  For  this  reason,  it  ;s  important  that  extremely  high-purity  gas  be  used  in  the 
cryostat  and  that  the  cryostat  itself  be  kept  free  from  contamination  while  It  is  not  in  use. 

A  method  of  obtaining  high-purity  gas  with  little  technological  effort  is  to  use  a  tank  of  liquified 
gas  as  the  supply,  si.nce  any  cuntarainant  which  might  freeze  on  the  tube  surface  is  automatically 
"frozen  out"  in  the  tank.  A  iteaier  may  be  used  in  fb»»  <«ipp!y  tank  to  gc.ierate  Uie  gas  at  the  required' 
inlet  pressure,  which  is  typically  above  1200  psi.  One  problem  encountered  with  this  type  of  supply 
is  evaporation  of  the  liquid  during  standby.  However,  a  liquid  supply  is  much  simpler  than  compressed 
gas  supplies  in  that  it  requires  no  elaborate  filtering  apparatus,  and  the  supply  tank;  is  at  a  relatively 
low  pressure  and  occupies  much  less  space  than  a  compressed  gas  supply  with  a  comparable  mass  of 
coolant. 

Closed- Ifxrp  cryostats  have  been  made  which  recycle  the  gas  i.a  order  to  provide  continuous  op¬ 
eration  for  long  periods  of  time  (Reference  C-3,  page  324,  and  Reference  C-7).  To  accomplish  a 
cuminuousiy  operating. cycle  of  this  type,  the  expanded  gas  must  lie  pressurized  iiy  a  noncontaminating 
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compxeooor.  Such  a  compressor  may  t®  hutH  with  a  diaphragm  (iteference  C-3,  pige  317)  or  with  a 
nonlubricated  piston  (Reference  C-8,  page  192).  -  j 


‘'.t.  KAPANSItiN  KNtilNfc.S 

When  a  gas  aiiowed  ic  expand  and  do  work  without  exchanging  heat  with  its  surroundings,  its 
internal  energy  is  decreased  by  the  amount  uf  the  work,  and  hence  it?  temperature  drops  (as  can  be 

shown  hv  the  firat  low  of  thormndenominai.  Aa  a  raanlf  nt  tha  wnflr  of  Co!*lh?  (HeferShC?  C-?, 


157)  and  Kapitza  (Reference  C-8,  page  189),  it  became  practical  to  liquefy  helium  by  the  use  ~il  ex¬ 
pansion  engines.  (Helium  is  the  most  difficult  gas  to  liquefy  because  it  has  the  lowest  satura*'on 
temperature  of  any  gas  and  because  it  has  a  very  small  Joule-Thomi^on  coefficient,)  The  expansion 
processes  developed  somewhat  independeii^ly  by  Collins  and  Kapitzd  iused  counter-flow  heat  exchangers 
to  provide  cooling  of  the  helium  previous  to  its  use  in  the  expansion  engine.  Kirk  and  Stirling  later 
introduced  a  reciprocating-flow  thermal  regenerator  (discussed  below)  which  was  developed  and  re¬ 


fined  by  the  Philips  Company  (Reference  C-10,  page  105)  for  use  in  an  air  liquefler.  The  regenerator 


offers,  among  other  advantages,  some  mechanical  simplifications  over  counter-flow  heat  exchangers. 


A  miniaturized  device  designed  specifically  for  the  purpose  of  cooling  smaii  regions  to  extremely 
low  tsmperaturcr  was  developed  In  the  late  19!H)'s  by  McMahnit  and  fflffnrd,  iitiHsIng  »  gas  operating 
within  a  closed  loop  (Reference  C-3,  page  368).  This  device  consists  of  a  very  short  stroke  piston,  a 
thermal  regenci ator,  and  a  compressor,  with  a  pair  of  intake  and  exhaust  valves.  A  schematic  dia¬ 
gram  of  the  system  appears  tn  Figure  C-9. 


Some  descriptive  comments  about  the  components  ol  this  system  can  provide  a  background  for 
understanding  its  operation.  The  piston  is  utilized  as  a  means  of  causing  the  gas  to  do  work  and  thus 
lose  internal  energy.  The  piston  has  sealing  rings  at  the  top,  and  appreciable  clearance  Is  provided 
between  its  sides  and  the  cylinder  wall  to  avoid  heat  transfer  during  the  cyclical  motion  of  the  piston. 
Both  the  cylinder  and  pision  are  made  of  poor  heat  conductors  in  order  to  prevent  the  longitudinal 
flow  of  heat  in  the  engine. 


The  regenerator  is  a  heat  exchanger  made  of  a  stack  of  fine-wire  screens  enclosed  in  a  casing. 
The  gas  flows  through  the  screens,  which  are  made  of  a  metal  of  high  thermal  capacity,  exchanging 
heat  during  the  process.  Since  the  flow  of  gas  is  completely  turbulent  in  the  regenerator,  the  heat 
exchange  rate  '.a  very  high  ar.o  hence  the  effie.eney  i5  o'jiiaiMcii*bly  lu^iufr  ti^an  tniti  of  counter-iiow 
heat  exchangers  (a  factor  of  prime  importance  in  the  performance  of  the  engine). 


The  valves  are  operated  from  the  same  crosshead  which  controls  the  motion  of  the  piston.  The 
gas  flows  through  the  exhaust  valve  into  a  compressor  in  which  it  is  compressed  by  roughly  a  factor 
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nOURE  C-9.  SCHEMATIC  DIAGRAM  OF  GIFFORD-McMAHON  EXPANSIO:^ 

ENOINK 

of  5.  The  gas  then  flows  back  through  the  Intake  valve  into  the  engine,  thus  completing  the  closed 
loop. 

The  cycle  ti^rough  which  the  engine  goes  Is  essentially  the  Stirling  cycle,  and  may  be  described 
as  follows. 

(a)  The  i.'ixaks  '/alvc  opens.  T.hc  piston  is  at  bottom  dead  center  as  high-pressure  gas  enters, 
pressurizing  the  regenerator  and  the  connective  tubing  (Figure  C-IQa). 

(b)  The  intake  valve  closes.  The  pistoli  staits  to  recede  and  th®  »■  ur'^ergoe:  arfUb-.U'j  ss- 
paiision,  doing  work  and  thus  decreasing  in  internal  energy  (Figure  C-lOb). 

(c)  The  piston  completes  Its  atroKe.  Upon  completion  of  the  piston  stroke,  the  exhaust  valve 
opens  and  the  gas  expands  to  a  low  pressure.  As  the  cooled  gas  passes  through  the  re¬ 
generator,  it  removes  heat  frcfm  the  screens,  causing  a  temperature  drop  in  the  regenerator 
(Figure  C-lOc). 

(d)  The  piston  returns  to  bottom  dead  center.  The  remainder  of  the  cooled,  (;x;panded  gas  is 
forced  thrr..jgh  t.hc  regcunaior  ana  out  the  exhaust  valve  (Figure  C-lOd).  As  the  gas  re¬ 
peatedly  undergoes  the  cycle,  the  regenerator  is  progressively  cooled  until  the  work  done 
hy  the  gas  exactly  equals  the  heat  flow  into  the  system,  at  which  point  temperature  eqi’ilib 
ri’jm  IS  rcaCiicu. 


KKtUKK  C  ly.  enuiNK  CYCLK.  (8)  KIrat  phase,  (b)  yeconh  phase,  (c)  Third  phase,  (d)  Fourth  phase. 


The  developers  of  this  engine  point  out  that  the  system  has  two  h  ‘■ic  sources  of  Inefficiency. 
The  first  is  the  "deud-air  space"  in  the  regenerator.  Due  to  the  fiiiiU’  volume  of  the  rcs^neralor, 
some  of  the  gas  is  liOl  eAhaasted  at  the  eiui  of  the  cycle.  This  is  .not  a  great  problem,  however, 
since  th'^  mass  of  unrec  gas  is  small  because  it  is  at  a  low  pressure.  The  second  source  of 
inefficiency  is  the  longitudinal  flow  of  heat  in  tlie  cylinder,  piston,  and  regenerator.  Due  to  the  large 
temperature  gradient  from  the  top  to  the  bottom  of  the  system,  there  is  inevitably  some  heat  flow 
despite  the  fact  that  the  parts  are  constructed  from  poor  conductors  of  heat.  The  high  efficiency  of 
the  regenerator  tends  to  compensate  somewhat  for  the  heat  flow  through  the  syste.ii. 


\  Iriiiting  factor  in  expansion-engine  devices  is  the  material  from  which  the  regcnci-aloi:  is 
i.ihru  Mteo.  The  heat  capacities  of  most  solids  fall  off  considerably  at  low  temperatures  (Reference 


Aiih  citH  rt'a^ud  lemperalure-  Materials  such  as  aluminum,  zinc,  brassj  and  bronze  have  no 
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s'srnificant  heat  capacity  belo"-  35®K,  whereas  lead  is  able  to  store  fair  amounts  of  heat  down  to  ap¬ 
proximately  l'4'’K.  Since  the  maximum  inversion  temperature  of  helium  gas  is  23.6'-’K.  an  expansion 
engine  with  a  lead  regenerator  may  be  used  instead  of  a  hydrogen  cr;.’ontr.t  '.i  ..ooi  helium  gas  dcyin 
->  p-,;:!  ii  _.i;i  i-wolo-d  jj  jonw- laomsoii  expansion  to  4.2'^K  (Keference  C-11). 

Commercia!  units  of  the  Gifford- McMahon  engine  (Reference  C-12)  use  helium  as  the  working 
gas  aiid  provide  0.7  5  w.atts  of  useful  refrigeration  at  ternDeratu”“s  «r.  low  an  a  using  a  multistage 
u.iii  A  ill,  a  cluacd  cycle  joule- Inomson  circuit.  Single-stage  units  are  currently  operational  at  60°K. 
with  a  cooling  capacity  of  0.02  watt,  or  at  80‘^K  with  a  capacity  iA  0.10  watt  (Figure  C-11).  Although 
ttic  rate  of  cooling  is  small,  the  Ccniinuous-operation  feature  of  the  Closed- loop  device  makes  this  . 
system  practical  tor  applications  where  high  heat-dissipation  rates  are  .not  essential.  Systeins  are 
under  development  (Reference  C-12)  ulhich  are  expected  to  provide  0.05  watt  of  refrigeration  at  33°K 
with  a  .single  unit. 


FIGORE  C-11.  GIFFORD-McMAHON  COCLER.  Scale;  AUl  size. 


A  developmental  m.idel  of  a  closed  cycU  helium  expansion  engine  has  been  built  which  uses  no 
valves  or  compressors  and  is  capable  of  producing  2.0  watts  ol  usable  refrigerstinn  belo’.v  30°K,  with 
a  cool-down  time  of  10  niinule.s  (Reference  C  13,  page  63).  The  cycle  is  basically  the  Stirling  cycle, 
with  compression  and  expansi.m  Initti  occurring  within  the  cylinder  of  the  engine. 


C.j.  OiHER  .vit,iM(jL>a  UK  CCXILING 

Cooliiic  .devices  exist  other  than  the  three  types  previously  discussed  in  this  appendix.  Among 
the  more  promising  of  these  is  one  which  utilizes  the  "reverse  thermoelectric"  principle  known  as 
the  Peltier  elfect.  It  .‘•eems  that  it  will  eventually  lie  teasiiiie  to  make  thermoelectric  coolers  which 
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Iff:  iLitri-.iti  j:;  at  lernyes  a;ai  t-s  Leic-'A  liiai  of  i.quid  ni  .•oi^en,  althoueh  such  ayst-m?  h-.'-c 
not  ypt  been  dovelopeci.  A  more  oamplete  discussioii  oi  tiie  Fciiier  effeci  and  tnermoelfcctric  cooler;: 
appears  in  Appendix  D  jf  this  report. 

r> . .  "O'  d  o.  laL^oi  jiuii  lo  ataieie  lemperatures  near  absolute  zero  is  to  cool  a  para- 

mairnetir  salt  (%  salt  '.vhich  bocontes  2u4tisueLiaed  in  the  presence  cf  an  externat  magnetic  field  (by 
liquid  helium  while  It  is  exposed  to  a  strong  magnetic  field.  Ordinarily  the  temperature  nf  the  salt 
.1  odd  1  me  dee  to  die  adsoj-uiioii  ui  electromagnetic  energy,  but  the  liquid  helium  dissipate/s  the  heat 
through  evaporation.  .After  a  near  steady  state  is  reached,  the  spacei|8urrounding  the  salt  is  evacuated 
to  provide  ihernial  insulation,  and  the  magnetic  field  is  removed,  '(ihtv temperature  of  the  salt  Is  thus 
reduced  below  liquid-helium  temperature  as  a  result  of  the  adiabatic  demagnetization  of  the  crystals 
(Reference  C-5,  pages  271-27U).  However,  since  this  technique  Is  n6>Vcontlri'jO’J8,  It  Is  not  well  suited 
t'l  detect  r  applications  and  hence  is  not  considered  in  detail  in  this  appendix. 

A  cooling  apparatus  was  built  and  tested  in  1946  (Reference  C-14i  pages  108-113)  in  which  a 
compres-sed  gas  was  caused  to  enter  a. cylindrical  tube  through  a  tangential  nozzle,  the  flow  Inside 
the  lube  initially  approximating  a  vortex  field.  As  the  gas  traversed  the  tube,  the  flow  became  ro¬ 
tational,  causing  heat  to  flow  from  the  gas  near  t.hs  axis  teward  the  waii  of  the  cylinder.  The  cooled 
gas  near  the  arts  was  then  separated  fr^'  r*  the  heated  gas  near  the  wall  and  r.sed  as  a  coolant.  This 
device  was  suggested  as  a  method  for  producing  cold  air  for  use  in  mine  shafts,  but  evidently  was 
not  developed  to  the  extent  that  it  could  be  used  for  cooling  detectors,  even  though  such  development 
might  be  technically  feasible. 

C.«.  COMMERCIAL  COOLERS 

Jj 

For  field  applications  a  cooler  should  be  light  in  weight  and  have  both  tdgh  efficiency  and  good 
reliability.  The  ease  with  which  these  qualities  can  be  obtained  depends  on  thq  type  of  cooler  and 
on  the  required  teUiOeialure.  Table  C-1  fists  parameters  of  the  "optimum"  coolers  of  different  types 
which  are  commercially  available.  In  selecting  the  coolers  to  be  listed  an  attempt  was  made  to  choose 
those  which  combine  minimum  weight  with  maximtljn  cooling  capacity  and  efficiency.  The  purpose  of 
this  table'  is  merely  to  give  a  general  idea  of  what  can  be  expected  from  each  type  of  cooler. 

Tables  C-2,  C-3,  and  C-4’  list  specific  models  of  commercial  ."ool,^rs  which  arc  .new  In  pro¬ 
duction.  Also  li. eluded  are  a  number  of  prototype  models,  some  of  which  may  eventually  be  put  into 
production.  Table  C-2  lists  direct- contact  coolers.  Table  C-S  lists  cryostats  v/hich  are  just  cooling 

Tables  C-2,  C-3,  and  C-4  were  compiled  by  David  Anding  and  John  Duncan. 
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n'\l  rc .^uir^  C-t  iisis  coii‘pit;t6  iiicluctt^  iuiy 

necessary  compressors  or  storage  tanks.  Considerable  effort  was  made  to  Include  all  available 

su.tUoit:  i->*  wiiu  iiu'i  AicU  dcieciui  b.  uiJl  It  IS  quite  possible  that  tnere  pKi«t  Others  which 
•'  fi  t'  '-laaveneritiy  oniiiieti 


TABLi:  C-  i.  I'AiiA.uiliTERS  OF  OPTIMUM  AVAILABLE  COOLERS 


Power  Av&il-  Factors 


^nticl»»ted 

Temperature 

(°K) 

Inpul 

f?cqui*-ea 

(wi»tU) 

nire(t-Ctinta»'t  C^-'ilrT 

4.2-:: 

(3) 

77 

None 

(3‘ 

C.yijstaL 

4.2-37 

Nun<» 

(3) 

Cryostat  with  Com¬ 
pressor  m  Closed  Loop 

20 

600 

1^60-80 

200 

Kxpansion  Engine 

J 

')  40-70 

i.  (1) 

200 

Cascaded  Expansion 

A  2 

1000 

r;i-;c.id.*H  Thf'r  n-)- 
elt-rtrsc  C'uuer 

212 

(2). 

2.5-20 

Cooling 

Capacity 

(watts) 

ability 
of  Cooling 

A/f  acting 
ReUabiUty 

Approximate 

Weigiit 

(Ibe) 

0.05-10 

i'onlinuous 

(4) 

(Excellent 

W«!!6hOitvl 

(6)  . 

I  10 

Or.  haman^i 

(S) 

Gas  Purity 

(Gl 

0-!J 

On  Demand 

(5) 

Qks  Purity 

<6) 

10 

On  Demand 

Gas  Leakage, 
Contamination, 
romnra««A»*  l,lfe 

15-20 

0.02-0.1 

On  Obinand 

Cu«  Lsakag*. 

Conipi'essor  Life 

10-20 

1.5-5 

On  Demand 

Gas  LMk*;. 

5-15 

0.5 

30-mlnute 

Cuol-Duwn 

Gas  Leakage, 
ConUoiUiation, 
Coiapreasor  Llle 

30 

0.12-0.50 

On  Demand 

(Excellent 

1-5 

RelUbiUty) 


I  -  Pr  li;-.  !i  -;*  srhfdulrd  f'»r  September  1961. 

<2)  M  -rr  ellKiPnl  junction  mat.:^rials  are  under  investigation. 

(3)  May  tl^'td  >maU  jwwer  supply  for  heating  element  and  coMtoI  BystE.i:. 

^  liIl«U  priur  use. 

fT)  hasea  on  storage  capactl^. 

--n  storage  co-r.Uir.cr  a>itJ  operating  lime. 


269 


•  nsf»»ute 

oi  Scie 

nee  G.-.d 

T^t~hnAla^^w 

- 

1  H  e 

University 

of  Mich 

i  g  a  n 

TAi-.r 

r  2.  D 

HRECT  CnXTACT  COOLE 

RS 

Mtxlei 

Operatinji 

-  --- 

Tomo. 

COCll'Iif 

n«rau 

f'-vti .  Al:^«  ?• 

t  line 

i?P‘''‘.lteni 

Standby 

Time 

l?ix:r5‘ 

Oiiera'ina 

Tl  rr,» 

Pr-i 

•A-ciehi 

-  ii 

-5 

8.5 

None 

0.*f6 

Lincie 

LNM 

Open 

NltrO(;en 

770k 

0.5 

“ 

i.W 

t.ve 

LM  :i 

^^-•1 

Mcro^u 

•  l-'K 

0.5 

10 

No..e 

3.21 

I.ind«> 

ln:-4 

Ope.. 

Nitrogen 

Ti^K 

0.5 

10 

None 

0.67 

Linde 

LM-S 

Ope-1 

Nitrogen 

77-K 

0.5 

9 

None 

I.OC 

Unde 

LNF-l 

Open 

Nitrogen 

770k 

f  Cepecltjr 

1  n  iM 

1  tveporatloA 

1  0.9  Ibe/dty 

Determined 

by 

fiov  rete 

None 

9.00 

Linde 

LN 

Open 

Nitrogen 

770k 

f  Cepecity 

041  Ibe 
j  Cveporellun 

0.92  Ib^diy 

Oeurmined 

by 

ilo»  rate 

None 

2.61 

Unde 

IHp.i 

Open 

Nitrogea 

7'»'>K 

t» 

IdjOg 

Cepecity 
e>.T  ibe 

Cvspurelluii 

0.79  Uwchty 

Determined 
by  flow  nte 
Muimum 

0.9  Ibe/ hr 

None 

13.7 

Linde 

LNF-S 

Open 

Nttrofon 

tiojc 

fcepecUy 
ft.Y  Ibe 
]  Creporetlon 
'  0.79  Ibe/diy 

Dwtermlned 

by 

flow  me 

NtHie 

14 

?  ■  ■  -I** 

C 

Nitrugen 

n-'K 

< 

[Capec'iy 
'  0.99  Iba 
iKrapprtiion 

1.47  Ibe/ day 

Determined 

by 

flow  rnte 

None 

!.97 

Unde' 

Linde 

LNF't 

Lvr-n 

Open 

Oo^n 

Nitrogen 

Hydrogen 

Helii.ni 

77®K 

i’*  H 

1 

'Cepaclty 

049  Ibe 

Evepp  ration 

0.«rj  lib,  .ley 

3 

30 

300 

Determined 

by 

flow  rate 

i 

30 

300 

None 

None 

3.16 

2.96 

Li.idr 

LM-i; 

(.»per, 

Neo.- 

r.2'K 

tu 

40OK 

0  to  4 

None 

5.)l 

SHHi' 

1  M  h 

-Sitr^aon 

TT-^K 

24 

Hi  I  Nl  c  - 

L.NF 


i2)  F..r  all  m  .dels,  pr  vibej-  can  U:  made  f  .r  rem-Me  hliing 
»l5cr.  dcwar  D.suiUtiun  t&  such  thal  it  is  inarrexsihiR  #..r 
p>-j-  tilUn^- 
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__  Spout _  Over-Ail 

I  •*  fcu  liel«r--  l 

tlnr:he»)  uncnes)  (inches) 


i x*.»vu-  £Uiaii,ences  ai  Oper¬ 

ation  in  vertical  poaition  >^i)v. 


S :,.ur.  ^:Jr- 
Ti  jur.teJ 


Snout,  aide 

ni<%.inted 


2.S  0.S  S.4  3.1 


13.6  3.9*  6  ?S 


15.25  5  *  s 


;3i  At  altitudes  atw-ve  J4T,0C0  (e^  systems  car.  .v  closed  and 
verted  tnr  Aiwh  a.-,  absolute  press'jre  re!:cj  valve  tr.  keep 


P(XT  filled.  Cooling  cori.Tfier.res  at  f. lli..*. 
atloA  in  vertical  poaittop  only. 


Precsare-lilled  through  tnaulatcd  line,  rnoiin*  co 
mencea  at  I11U14.  Operation  in  vertical  poeition. 


Presaure-illled.  Coolinc  eotanences  at  fllLnc. 


Pour-fMlad.  CooUne  co^zanceiiunon  'itM.."" 
OF«ratton  ini  vettieal  poaition  only. 


Prearare-hiietl.  Operated  in  vertical  ?oo'.tlon  only.  '- 


®  -’-S  Presiure-fnied.  Ope-'.led  In  vertical  c 


Temperature  control  t3°r  over  entlri  range 
given.  Prenewre-fiUed. 


Pr  e8urr*f*'led 


®  Pour-fmea.  operated  ir>  vertical  poeliion  only. 


Presii  re-filled  at  peig  C.'pcratior.  ;r.  verUcai 
poiPlon  only. 


May  be  operated  with  any  of  three  llquide  mentioned. 

Pr»r.fiiiM«.  wttrnAen  snietd. 


TetDperature  le  preeaurs-rnn«iK«n»d.  Oesigned 
for  cooUitf  large  rooaalc  dctectora. 


<1)  Units  cusium-designed  to  meet  customer  -spec'fied  space 
li.-nitatio'is  upon  req-jesi. 
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C.8.  symbols 

n  the  enthalpy  of  one  mole  of  a  gas  (inch-pounds/niole) 

2 

p  the  pressure  exerted  by  a  gas  (pounds/lnch  ) 

q  the  heat  added  to  me  mole  of  a  gas  it:  a  thermodynamte  process  Rnch-pnunds/moie) 

s  the  cuiropy  of  one  mole  of  a  gas  (inch-pounds/degree  Kelvin-mole) 

T  the  absolute  temperature  of  a  gas  (degrees  Kelvin) 
u  the  iriternal  energy  of  one  mole  of  a  gas  (inch  pounds/mole) 

V  the  volume  occupied  by  one  mole  of  a  gas  (llters/mole) 

w  the  work  done  by  one  mole  of  a  gas  in  a  thermodynamic  process  (inch-D'MndB,"T<nie) 
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Appendix  P 
PEITIER  COOLING 

Robert  H.  Vought,  Generol  Electric  Ccmpiiny 

D.l.  INTRODUCTION 

A  standard  temperature -indicating  thermocouple  produces  an  emf  when  the  two  junctio  is  between 
dissimilar  materials  are  held  at  diiTerem  temperatures.  Conversely,  an  externally  driven  current  in 
a  similar  thcrmebouplc  circuit  will  produce  a  tenipei  ature  dillerenoe  between  the  two  junctionb  by 
ati-sui  biiirt  heal  a(  .me  juiietnm  and  releasing  it  at  the  other.  The.sp  phenomena  il'ustrafe  the  Sccbci'k 
effect  and  the  Peltier  effect,  respectively,  A  device  which  utilizes  the  Peltier  effect  to  transport  heat 
^rom  one  region  to  another  is  called  a  thermoelectric  hc.at  pomp,  or  Peltier  heat  pump,  and  can  be 
used  cither  for  heating  or  cooling. 

Until  recently  the  Peltier  heat  pump  was  primarily  a  lalxiratory  curiosity  because  the  tempera¬ 
ture  differences  which  could  be  produced  with  metallic  junctions  were  insignificant.  However,  during 
liie  past  few  ycai  o  .seniiconauciors  iiave  been  developed  whioli  are  capable  of  producing  appreciable 
ItnipciHluie  diilerences  lup  to  75  K  with  the  heat  sinX  at  room  temperature).  Better  thermoelectric 
materials  are  being  sought,  and  it  may  be  expected  that  larger  temperature  ditfercnccs  will  become 
feasible  in  the  near  future. 

The  following  discussion  will  be  concerned  with  the  application  of  the  Peltier  heat  pump  to  the 
cooling  of  infrared  detectors.  Emphasis  will  be  placed  upon  those  features  of  Peltier  cooling  systems 
which  are  not  common  to  other  type:-  of  11, ,14  systems.  This  appendix  includes  a  description  ol  the 

physical  mechanisms  by  which  Peltier  cooling  is  achi.^ved,  a  physical  and  mathematical  description 
of  the  typical  performance  of  an  isolated  Peltier  couple,  a  design  procedure  lor  constructing  a  simple 
I’cltitr  cooler  with  prescribed  characteristics,  and  a  brief  discussion  ol  some  oi  the  c.-oblems  associ¬ 
ated  with  the  use  of  Peltier  couples  in  achieving  practic-a!  cooling  sy.stems. 

.0.1.1.  .AU\  A.NTAGES  OF  PEI.TIER  HEAT  PUMP.S.  There  arc  con.iwli.n..  f,.r  n-  r 

ing  i’eliier  lic.i(  pumps  lor  many  problems  involving  refrigeration,  i.ncludinL;  the  co.ohng  ol  inlr.ired 
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:  Th-:  ‘ ^i<.  ...n.in;,  liie  sijinilic.ait  chiiractfristicc  rjf  Peltiej-  iicat  pumps. 

■a!  Th.nv  .1:^-  th,  i -n-,  the  ul  Ptllici  euupies  probably  will  be  set  by  the 

'!v  ’t  '!-nn-i^r  ;  ;.!•!-  ■'«.  «r  u  ar!:.rhc:  --  and  beat  rejeelprs. 

■  t'.i  They  art  rolribl.. .  uevites,  -A-nich  involve  no  moving  parts  or  circulating  iliiiriB_ 

are  e.'ctromciy  rcliabU  aao  niil  niierare  continuous  1  y  aCI*  iu’iig  pciiouo  oX  iiiiie  witbout  re- 
quirinK  attentlo.n. 

;  tl  Their  performance  is  independent  of  heal  pumping  capacity.  The  efficiency  nf  a  Peltier  heat 
pump  depends  only  on  the  workiiis  temperatures  and  material  properties  and  is  independent 
of  ihe  roohrig-  capacity. 

(d)  The  cooling  rate  is  controllable.  With  a  ijimple  current-control  circuit,  the  rate  of  heat 
removal  may  be  regulated  continuously  over  a  broad  range  in  order  to  maintain  constant 
tempei  ature  even  though  the  heat  load  or  the  temperature  of  the  heal  sink  may  vary  consld- 
erebh’. 

(e)  The  device  can  be  used  lo  heat  or  cool.  A  Peltier  cooler  can  be  made  to  serve  as  a  heater  by 
j  eversing  the  current.  Thus  It  can  be  used  under  conditions  where  ihe  ambient  temperature 
IS  sometimes  nlwjve  and  sometimes  below  the  requir’d  constant  temperature. 

( f)  The  Peltier  heat  pump  produces  no  vibration  and  is  absolutely  silent. 

A  complcU  evaluation  of  the  applicability  of  a  Peltier  ceollng  system  to  a  particular  problem 
requires  an  examination  of  the  di.sadvantages  as  well  .'s  the  advantages.  To  a  ci  iisiderable  extent,  the 
lisadvuntagi  s  .,1  I’cUicr  cooling  result  from  Uie  relative  infancy  of  the  tec.hnique.  Several  of  the  in¬ 
completely  .solved  problems  arc  diiicu.ssed  briefly  in  Section  D.5.  Present  and  future  development  of 
materials,  fabrication  ted  .iques,  and  associated  circuitry  will  certainly  decrease  the  Importance  nf 
the.se  problems. 

n.l.j.  CUPnFNT  .=;TATF  of  DEVELOPME.NT  of  pettier  coolers.  Most  work  which  has 
hi  I  II  iiuhiu  1/cd  .ha.-,  bi  t  ii  i . mi  ei'oe.H  primarily  with  teniperatures  in  a  range  of  about  50°K  on  either 
-Id’'  'll  r'.ium  ic'uiptr.iture.  Uevicts  which  have  been  used,  or  which  caii  oe  made  for  sale,  are  small 
and  have  heai  pumping  capacities  Irom  fractions  of  a  watt  to  a  few  witt.s.  L'onsidei  able  effort  is  being 
i-  vn.  ii.h  -I  .i;  ij-.f  dcvrlopr.ii  r.t  ol  lir,  icvs  wiui  large  cooling  capacities,  which  may  be  usee  for  house- 
ii  ii'i  I r:ut  :  .It  "I  .ir.ii  .m  i  ■  ni.lit  I'lrii  r>  .  -tand.ird- ._  jrniircssi'jn-s  .Viiansion  coolers  are  .still  .superiar 

I'lr  till  Si'  apnhi-.iiions.  ‘•'.it  the  i!i",;-|!:pni€-m  ni'-.n  .-rfii  lent  matei  laLs  roiild  well  make  Peltier  coolers 
■  . .11.  ■  ■  .iiiPi -.III  1 1  *  I!!!  pri" --ai-dav  rrfriei-ratioa  iv  chniquc.s. 

O  VT 


C  /  ! 


of  Science  and  Tcchnoloy/ 


TSe  University'  of  Michigan 


An  will  hf^  sho'Aii  iuior,  ihc  maximum  tciriporature  diiierencc  attainable  mih  aiven  materials  is 
proportional  to  the  square  of  the  absolute  tPmp^*rature  et  the  cold  side  ol  the  'ioupie.  it  would  thus 

. .  I  .  •  ...  ,  ’•  '3,  5 ' T-^'nr.'i  >  1  H  \'r r .  th:H  .'.rr 

virJuallj  :■  -la  A  .it  r  ;  i;i  u :iipa ra.l.ui  w  arc  pi  tnisn.iic^d  at  1-nv  temperatures.  It  may  be  possible 

Q?'  more  CtL  these  for  Pcltisr  cool’n**'’  at  these  lew  tem^^tr?tiirs*.  T«'nrth^»r  H^yc^iontyif^rit 
iiiuy  provide  nuterialh  -uid  devices  which  will  be  useful  ai  ’iquid-nitrotjen  or  even  liquid-helium 
ii  iiiiwratures.  Near  absolute  zero  the  rate  of  heat  pumping  will  he  quite  small,  hut  tliis  is  true  of 
.ICC,  niLlli^d  .i:  .  .Hiliii.,.  Ji-i ,  heat  capacities  ill  tli  s  r-Uiiic  are  very  lev,  so  it  is  not  nercp^nr 

to  pump  ;i  "real  amount  of  heat  to  produce  useful  temperahire  differences. 

n.2.  nFSCRTPTrON  OF  A  PELTIER  COUPLE. 

A  brief  disco ssion-itf  a  Witter  couple  will  now  be  given,  along  with  a  simplified  physical  picture 
uf  the  cuoUiig  mechanism  and  seme  qualitative  discussion  Indicating  the  material  properties  which 
are  pei  tinent  to  I’elticr  cooling. 

Figure  tvl  i«  a  Rpheinnfie  sRprARentAtlon  of  a  Peltier  couple.  The  arms  of  the  couple,  n  and  p, 
represent  n-type  .'wd  p-lype  semicoi'ductors,  respectively.  They  are  connected  by  nnetallic  conduc¬ 
tors  which  exliibit  negligiblf  tlicrmuelc-ctric  effects.  .\  current  passing  from  an  n-typu  materia!  to 


ii«^  — nny|;  s 


--  lU'-.i-it  >  '■  11  .  iiniiiii  ■■■:  It  Ml------  :-  .it  tr.:::.  trti  .  Ot‘’.er  h'.tJtd,  .1  current  p-Ucc. 

■  C  :  H  -■,  p-itpi  ;:;ait.;i_I  tj  ii  nonthcrmoelettnc  coiiduitur  delivers  heal  .j  the  conductor,  in  both 
or. itrift  me  current  will  cacse  the  heat  to  liow  the  other  v:av.  Thus  ir  ran  he  seen  that  the 
•  '  1. in  flit  ii;  l;n  dtr  .  :  .  .ti  iiidic.iti-d  ir.  Kiriit  f  ii-i  is  to  make  the  te it'.iier.iltire  nl  the  fop, 

1  .  lower  tti.ni  tim  temp.; rature  ol  the  bottom.  T.  . 

;•  I'l 


n,2.1.  yUAL.tTATIVl-;  KXPLANATION  of  THK  PELTIER  effect.  Qualitatively,  the  Peltier 
c.in  I’e  understood  with  the  aid  of  Fiirure  n-2.  which  reprc.sents  an  eiier;ry-level  diatrr.am  ot  a 
Peltier  couple,  with  RI  drops  iimored.  The  regions  labeled  Mj,  M^,  and  represent  inetalo  exliib- 
itin,’.  no  ilu  i  inuelecirie  ei.ecis.  wiiiie  it  represents  an  n-lype  seiiiieoiiductor  and  p  represents  a  p- 
type  seinicuiiductoi  .  Finely  dotted  areas  represent  valence  bands  where  the  energy  levels  are  nor¬ 
mally  occupied  by  electrons,  whereas  coarsely  dotted  areas  represent  conduction  hands  where,  in 
the  case  of  semiconductors,  the  energy  levels  are  normally  unoccupied.  The  horizontal  straight 
line  through  the  diagram  represents  the  Fermi  level.  Metal-semiconductor  contacts  arc  assumed 
to  iv  noi. rectifying. 


The  University  of  Michiqori 


eg. 


o 


Ir:  th.'  rr.-'  r.  r;  i-  vsi-iuwomiui-u.i-.';,  current  ;s  rai  led  by  Pler'rnn?  hioviiij;  fren.  rit,!.!  Lu 

T,  ft  Ti'  ihr-  I'-ivpe  seiDHiinclurtor.  curre-nt  i«;  .'ti.rrtcj  in  i'i;,-irii'c ;y  -haryL'd  rrili  ;;  nt  'V;!:-  iruiii  ictt  to 

ri.vht.  f:r"t  ‘hr  ;Vt Uom  M,  ion  lu  M^,  as  electrons  arrive  at  the  M„-n 

...  nieit  ar  e  ni)  available  revels  m  the  n-type  materials  below  the  bottom  of  the  conduction 

V  Ut  ^rdc;  lo  paan  Liiiough  ii  me  electrons  must  Ire  thermally  excitcci  up  to  the  Londuition  band. 

I  -ii.  .  ,'i .-.■i  .  1-  .  t:  .1..  I  t-.rij-.ts  iioiii  an  aiiiuiint  ol  enerev  equal  to  the  Fermi  c.  r  r^y  - ,  uf  tin  ii  typv 

ni.iteriai.  '.vhtrt  f  is  mv  .tiff.-. .  i  vv  between  the  m  liie  reni!!  levei  and  the  energy  at  the  bot- 

I'vi;  of  th  ■  cfiiidudion  uand.  (Actually,  the  energy  required  is  greater,  by  an  amount  equal  to  the 

tr.insp  ii  t  energy  of  tl.v.  elecUon.-'  in  the  n  type  material.)  inis  remuval  of  energy  irom  rture- 

senu-  .1  removal  ol  heat,  and  thus  the  M„-n  mnetion  :.s  cooled.  At  the  n-M,  junction  the  electron.s 

a  1 

c.in  drop  b.ick  Joan  lo  their  original  levels  and  thus  give  up  heat. 

Similar  arguments  apply  to  holes  at  the  M^-p  and  P-M^  lunrtton.s.  At  the  !’  j'  ln.-tijn  .u;  ck^ 
in.ii  ironi  the  valeiu  e  b.and  ol  p  iiiusl  be  excited  up  to  the  conduction  band  of  M^,  leaving  a  hole  which 
,11"'  I  S  li'  v.ird  M.^.  fills  rvpriseiit.s  heal  removal  ai  t^e  M^-p  junction.  The  heat  reappears  at  the 
P  M.^  jMii-  ii,,n  alien  an  electron  drops  down  lo  eomhmei' wjtry  the  transported  ’role. 

n.c.'i.  PEHTlKEliftr  MATERIAL  PROPERTIES.  From  the  qualitative  discussion  of  section  2.1 
It  can  be  seen  lliat  the  rate  of  pump..i({  of  heat  is  directly  proportional  to  the  current.  The  constant  of 
proportionality  is  known  as  the  PeiUer  coefficient,  it.  (See  Sektion  1>.8  for  deftnrtlons  of  symbols.) 
ft  represents  a  piotenti&i.dllff "enee  which  is  determined  by  the  Fermi  energy  plus  a  transport  energy. 
Thus,  for  a  cu.-rent  t  the  rale  of  .oiiinpiiig  of  .neat  by  t.'ic  I'clticr  effect,  is 

Q,  =iil  (D-1) 


Tile  .Scebci  k  coefficient  of  a  couple,  S,  is  the  ratio  of  Lie  thermal  emi  to  the  temperature  differ- 
c,.. ,  Ii  (iconoces  that  emt  (see  Seciiop.  D-1).  For  a  -Single  nialertai,  a  qija.ntity  s,  called  the-  iicc- 
ui  ck  c.'fOMi  l•■l|I  '-f  till"  inateriai,  can  w  defined  in  such  a  way  that  tile  See'ceck  coeilH'ieiil  ol  any  couple 
i.s  given  bv  ihe  difference  of  the  .Ci  ilicclv  cocillcieiii.s  ,>i  Uie  tan  materials  from  which  it  is  conslructed, 

S  a  s.,  -  s, 
a  i 


Tile 

n' 


■Sicbcil.  coiiUciviu  ol  a  p-iype  material.  s_^,  and  iho  S“ebeek  cocffirii 
nil  St  h.ive  oppnsilc  signs,  (  "iiveiit ion, illy,  s^  is  taken  a.g  positive  and 
viple  ci  nipnsrij  of  :i  p  lypv  .md  un  n-tvpi'  material,  the  difference 
('"sitiit  !ig;itij'-rs.  In  nrdi-r  (■•  diflivullics  w.t!.  .,,,,0.^  d  is  ,111111 


rnt  'jT  rtii  mi, 

3  US  nCwTutivi..  Thus,  lor 
n 
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It  fjIlu'A  ttu4L 

Q_  ST]  {D'3) 

where  T  is  the  tempfrature  of  tlie  ouiu  juiuaion  when  Uie  couple  is  used  lor  cooling. 

h  I  \\  fhiMi .  I\  It  i.  I  » .  »oi  me  \\  i  II  in-  inon  « J I  u  vc  with  mat  el  lu  Is  wnitii  exhibit  large  Seebeck 

2 

rooffu'U'rU^.  Tl'  is-eviiiern  a:'**.-  \hai  {  .>01111^  vvil!  t*t  nmrf  cifcciive  \^licn  llic  mule  lieatiiig,  I  is  a 
nunin:  iih.  Tlie  current,  I,  cannot  br  made  small  without  reducing  the  rate  of  heat  pumping  fsee  Equa¬ 
tion  L'-l).  rhrrciore  it  is  iu  ees  ,ary  to  keep  the  resistance  low,  which  can  be  accomplished  by  the 
of  material  witli  low  electi  u  al  leaiauviiy  u.  A  third  important  property  is  the  thermal  conduo- 
tuity  ^  .  Cif.triy  thu.  parameter  should  Ih*  ktfpl  as  sniaP  as  possible,  siiitc  U  would  be  ul  httle  value 
to  pump  heat  Irom  one*  region  to  another  if  ni<»st  oi  it  eould  iTow  back  again. 

Therefore.  Uiere  lu-e  three  paramHers  which  «prvft  characterize  a  material  for  Its  cooling 
capauiuiies: 

s  Seeboi  k  {  ori:  1.  u*nt  t  voU.s  pel'  degree  Kelvin) 

/>  -  electrical  resistivity  (ohm-ccaiiiiietei s) 

V  thermal  conductivity  (watts  per  centimeter  per  degree  Kelvin) 

Thf’se  'iirec  quantities  vary  with  temperature,  and  for  accurate  calculations  the  variations  must  be 
•  Ikon  into  ai’r.oiint  f'u»‘therm'!re.  variations  of  5  with  T  give  rise  to  an  additional  tlicrmoelcctrir 
ritret.  [I;c  TlioniMin  eift-rf.  and  a  r!‘y*r-"‘ii^  treatment  rauv.t  lake  mlo  account  the  Thomson  heat  which 
arises  when  ii  current  and  a  parallel  leiiiperatiire  exist  in  a  inatcrial  for  which  s  varies  with 

T.  How'ever,  for  the  purposes  of  this  elementary  discussion  of  F^eltier  cooling,  s,  p,  and  k  will  be 
.isv’.:mrd  .  Ji'^Mnt  iva-r  tia  i«  inp«  r.iture  raitgc  undL-r  Ciaii>ideratioM.  and  Hence  the  Thomson  effect 


I). 2..'.  FKil  Hf-  ‘  ih  Mr  rvi  T 


Th'’  t-hrcf-  rnaiiTi  il  i  uf>.  >>,  /*.  .md  r  srecpientlv  appear  in 

sb?' :  lie • -1?  ci;  -riiv  vu  c.-.  T*. i.'*  v  >mlnnat ] ' ui  reierr^  d 
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; ciif  ut;ure  Ml  »  ihe  m'-it'"'-?'*’  "'ni  i-’  dcrutvi/  by  Z,  Vv!jei\ 


I  lA 


i  U'-i) 


I  ^  •  '•).  !.:  •  -.ii  Litt-  niM’.'t*  js  tr.f'  mate  ri:il  j-.-r  the  rriiric-Irvtric  appiica- 

,  _  -  3  n. 

U-M.3.  Al  pi  cut.  ml.  liie  lie's!  vHiiies  i»i  /  tnr  bemiconductiiiu’:  miitcria-la.  are  siightl}  ^reaier  tn;i.n  o  x  iu  '  K. 
I  T-c  bcot  iui  iiu-tais  are  el  Uie  order  ot  0.1  x  lU  ^K.)  A  titOare  of  niemt  ot  3x10  ^  ■  K 

m:0:(‘s  it  ,  t.^r  iii'.umce,  lo  pump  heal  from  ice  tn  >tpani  wiih  a  single  stage  device. 

Tiiw  c  vil  iiit  I  ii  .1  (.tJupK-  tletinea  ny 


!  I>3) 


where  the  material  constants  p  and  k  of  Equation  D-4  have  been  replaced  by  the  electrical  resistance 
K  and  tlif  Uierinai  rotidurlaiuc  K. 

The  maxiniuin  puiittibk-  value  ol  lor  any  couple  composed  ot  two  given  mat*?rials  (Reference 

I>3,  p*lge  11)  13  given  l»y 


(t 


.  .fo  ■  * 


■^V^2 


in.irr ) 


'2  / 


(D-6) 


U  iiiiuuld  bt'  iKileU  liial  dupends  only  on  the  properties  of  the  materials  v/hilc  depends  also  on 
the  of  Uu'  '  oupk-.  /.^  appro.iche.s  only  under  ideal  conditions  when  the  relative  values 

of  the  various  diiiiensions  liaw  inn  ii  properly  adiu.sted  :  see  Section  D-5), 

II  the  values  of  p  and  k  are  the  same  for  the  two  arms  of  the  couple,  it  can  easily  be  seen  that 
7,  -  7  when  uk^  dimensions  of  the  two  arms  are  cctial.  If,  in  addition,  the  couple  is  made  front 

‘  Ml  y 

n-tvnr  rinri  ,o;,a!cr;.:l  t!..it  13  -  -3  s.  ihei;  7  ■=  7  -  s  /  pK . 

p  n  c  m 


D.,<.  I’KRFORMAN’CL  Ol  A  I’r.l.TIKH  c  tlL  Pl.r,. 

Tl’.e  !»  rl  irui.iiic  I  ,  n.ir.i.  i.  ji  .i  type  .li  vS^upii-  ,  sui  li  as  liiat  sliowii  in  Fimire  JJ-1,  will  now 

be  c'lr.snirrrd.  The  Irt  atruiil  is  n  a  iiuer.dcd  to  be  an  vxa;  t  iitiybicai  or  mathematical  aescriutior., 
ir.a  ■nlv  ai.  ouihiiv  ol  ha-  imixiiiaiu  If  aturcs  ol  Peltier  couples.  The  numerical  examples  civen  are 
lo.ilj.ileo  ironi  apnr' -ximah  r,--.  ,  aa  -''  tbi  vi  ■  O  a  an  small  and  il.i  jn ■.■pc;  ties  o!  li.< 

ii:i  i  ai-a  o  .  1;  liialf  l  i.ils  .in-  n  ■!  known  'w.ij:  -.-..die  ;i .u  .  .ir.ii  v  to  warnuil  i  i  .  1 1<  i.o',  o t 
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;i  A;.i  ;,i  ui_i  lilt  CuUpur  lias  dtreoeck  coeiticients  s  a.’d  s  .  eiprtnrnl  rer^istivjlics 

up  n 

■ir.a  u  .  'nern.-il  c -u.c-uctiviuea  ^  jud  -  ,  total  series  ciuctru  al  resistance  R.  and  total  narallel 
P  n  p 

'■'e 'ni:'.!  K  "nos,  are  at  tt  inperatures  T  and  T,^.  The  temperature 

-In  'ei  eiiLL ,  1,  “  i  .  «  iii  oe  called  AT.  Future  D-3  is  a  sketcii  of  the  idealized  Peltier  couple  Uiat 
will  tie  discussed.  The  coi.rl^  a  ir  r  ■•iiiiectiiii;  tire  iiierm.'i'ieciric  materials  is  assumed  to  have  zero 
.'•■ei".  .K  i-  ieii.^ici  t,  -.lie  elcctrica!  re.sistii  >ty,  and  infinite  thermal  conductivity.  The  tlicrnial  and 
jlectrical  resistim  es  at  ihess  ,--~r.r.cct;.’.r.s  .,te  .isstuned  to  oe  zero.  The  validity  of  tliese  assump¬ 
tions  will  iie  disc  isscd  nioi  ^  tii.i*  oui;iiiv  111  section  U-a.  When  it  is  also  assumed  that  the  properties 
.'I  tliv  ij  uci  :ai  .in  mdepeiideiil  ol  lenipyialuif,  it  IS  possible  to  give  a  complete  description  of  the 
1  qiiiidu  i.iiii  ptjiuimam  c  o;  the  coii.iie.  It  be  .shoMTi  that  »  ,  .s  ,  F,  K,  and  T  coinpieteiv  aeline 
the  maxiinuin  temperature  dtllerence  attainable  With  this  particular  couple.  However,  this  is  not 
m  ccs-anly  the  maxnnam  teinpei  ature  dilierence  atialnaPle  with  the  materials  from  which  the  couple 
IS  c.iii.st.  a,  ted. 

'inc  r,  arc  four  ijuantities  ol  interest:  the  pumping  current  I,  the  heat-pumping  rate  Q.  the  temper  ¬ 
ature  difference  AT.  and  the  ocdflcient  of  pcrf  irmaic’e  t  (to  ho  defined  later).  Only  two  ol  lhfc,Sf  are 
tiidcpciidciit.  However,  tlicrc  are  generally  two  conditions  which  are  of  greatest  interest,  namely, 
tin-  iiumpmg  ot  the  maxiniuni  .amount  of  heat  and  the  most  efficient  pumping  of  heat.  Each  of  these 
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i.»»-  ti-  -  ■  u;*»i  ;-Mr  r;\vnn  r-'.uplr  iPc  hr:it -puiripu'.j!.  i-ap^.iL’ily  aiid 

.1 1  vii.*.' •- will  V  'ji  ^  1  iljlO  X 

!*:  1  {.  AT  lijt  COLD  .1  L'NCTTON.  In  th#' rouplo  s^hnu-n  m  thn 

.  u.  ..  lii  ua--.!!-  ft  •!!■;  •;  »-a  M  tJ  p  'Alii  lex'.  jv(*  heat  irjiii  M.  I'sir^  the  arj^ments  given  in  the  discus- 

!:  i;i  .  -  .  ti  .n  .  X..  .  at»  I  r.,  ‘U  removal  by  the  Peltier  effect  is  Q  =  ( s  T  I  -  s  T  1)  =  ST  I. 

'pc  n  c  c 

|T  f‘  ip  .n^-'  no  sh-nAn  tn;tt  t^r  u/Aiform  veneration  of  i<^'ile  heat  throiiphont  the  thermoe^ertrir 

1  2 

material  rriuits  in  a  Uow  ui  Irm.  io  each  of  the  junctions  at  the  rate  Q.  =  R.  (It  is  assumed  that 
i:.!  iv  r  ra  ai  the  sides  of  tJie  UierniueleclTic  arnib.)  Fniaily,  Uie  heat  conducted 

L);u  k  ‘l.i  r’i4‘  (■  iiri  uiru  ti-wt  it  *m  the  hot  junction  is  -  KAT. 

At  ci4uiiibi  iuni,  the  diiitrence  between  liie  flow  ul  Peltier  heat»  »  from  the  cold  junction  and 
tfa  flov.  .f  muK  In  .ii ,  Q^.  .  ■•iKlii';Lcd  heat,  to  Lh«^  cold  junction  represents  the  rate,  Q,  at  which 

the  couple  pumps  heat.  Thus, 

Q  Q.  -  iQj  •  4,)  “  ST^i  -  -  KAT  (D-7) 

lifcausi  of  the  (Hiwer  dissipated  in  the  thermocouple  (!')  during  the  heat -pumping  process,  Q  ^  V 
-.l.tils  must  1k'  l  ejectid  at  the  hot  juiictiuu  for  Q  watU  aljaorbed  ,".t  the  cold  joncllcn. 


l).3.2.  MAXIMUM  KATE  OF  HEAT  PUMPING.  The  current  which  produces  the  maximum  rate 

•si) 

of  heat  rmmnthff  )«  enatiy  ohtafned  by  maxiriizlhg  Q  (by  setting  -T?  »  0).  The  result  is  that  the  cut  - 

u  1 

rent  for  maximum  steady-state  heat  pumping,  I^.  Is 

!e  =  ST  /R  f  n-8) 

Q  c 


•*in  i>  1'.  pi  "p  u  u  iuai  lu  the  temperature  of  the  coH  junction  and  Indepencient  of  the  load  or  tempera- 
lurr  ciilfereruc.  T.'ie  iiiaxiiuuir.  rate  of  heat  pumping  is  obtained  bv  substituting  Equation  D  8  into 
Eijuau'jii  D-7,  The  rciiuU  is 


O 

m 


S  T 


-KaT 


(D-9) 


I:  li.i  ^  ■  Ij  ;U1U.  tloll 


■  ‘itulated  S-.J  that  no  heat  is  absorbed  Ironi  us  surroundimts.  AT  will  nse 

IM,.  .  ...pli  .;i'.  r.rovid'P.  AT  .  Thus, 
m 

.-e 

■'■ni  a  HK 
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■:  p  v  •<  »btJ  ill: 

a)  The  m.txiniuni  no-load  temperature  dilference,  AT  .  trom  F’ouation  n-l?. 

in 

TiiJ.  c^iTcni  required  lur  niaxiinuin  coolini;.  I  - .  tr^m  hnnati  ^n  P-B. 

.  ''**  ' 
r'  The  anxuiit  af  hiat  pumped,  for  ::  j^uen  AT.  from  Equation  ij-H. 

.  J'i  Tiie  t.oclli.,ie:ii  ui  pe:  loriiiance,  for  a  uiven  AT,  from  Equation  D-17. 

The  noniojjraphs  to  he  presented  later  enable  these  values  to  he  defermined  ouirifiv  in  terms  of 
the  temperatures,  matei  la!  parameters  and  dimensions.  "Tvpie  .1"  values  of  Q  ,  C,  a,  and  Ia,  lor 

my  y 

nrite?  I  i'  ,  m*'  eer;  v !.,it  leas  than  Uie  best  attainable  aie  presented  in  Figure  D-4. 
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Cliutt.'.T  REyblREU  FOR  MAXIMUM  HEAT-FUMPINU 
CAPACITY,  AND  COEFFICIENT  OF  PERFORMANCE  FOR 
MAXIMUM  HEAT  PUMPING  Ad  FUNCTIONS  OF  Tc  (OR 
AT)  FOR  T|,  -  300''K.  The  couple  Is  made  from  cubes  1  cm 
..r.  .a  sidi.  uitli  Sp  =  -»|  =  ^00  uv/^K,  P„  -  Pp  -  1®"^  ohm-em, 
and  *1,  »  Kp  ■»  20  mw/cm‘’K. 


MAXIMl'.M  p:KF!CIENCY.  AnoOier  useful  operating  condition  is  that  of  maximum  eiii- 
eieiity.  Hie  exiire.s.sinn  f.ir  tne  current  required  for  maximum  efficiency  may  be  obtained  by  maxi- 
iiuzing  ll:e  coeiiicienl  of  perlorinance  with  respect  to  current,  using  Piqiiatioqn  L>  7,  D-15,  and  0-15. 

rne  result  obtained  .shows  that  the  current  civine  rnaximum.  rorffirinit  of  pc rfurtnance,  I  .  is 
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T  ‘\jT  “  f  2r  AT  •  ATAT  T  -  AT 

.  _  r  \  r _  -x: _ m  .  ,  Hi 

2\  r  A  *  '  "  "  "  2T 


1  ^  I  ^ 

'  'r*\ 


i\utL  Lliut  lur  cuiibUiit  T  ihe  fiirrrnt  t.ir  m^ivimuii;  licat  pumping,  ib  and  Uie  cuireat  for 

maAinrun;  t  ffn-n‘iu  v.  1.  .  varit  >  ainiost  linearly  with  AT. 


From  rquaiion  D“T  aiicl  l)-8  the  rate  ol  heat  pampm^  i6  lound  f  >  be 


-  KdT[2A  -  -  n 


wht  i  i'  A  IS  del  lilt’d  by  Kquaiioii  U  ID  »nd  is  nearly  unity,  s.i  that 

A--) 

^  m  / 

Till’*  may  t>e  ’vritUn  in  tt  riiun  ol  tlu  iiiOAiJiiuiii  heat  pun'ipiJi);  rale  ab 


Q  '  Q 

^n.  AT 

m 


(D  21) 


(D-22) 


(0-23) 


and  will  he  zero  for  aT  -  C  and  AT  -  AT  ,  with  a  maximum  at  AT  -  AT  /2,  where  Q,  =  irQ  . 

m  m  ^  2  m 

The  maxinium  coeiucient  oi  perlormance,  froin  Equations  r)-2i,  n-i?,  D-i'n  aini  D-i5,  becomes 


I  /  1  AAT  i  ;  AT  AAT  I 

'•  III  ■  2  \  ■  A"  at  )  (  T  "at  / 

'  ill  ^  m 


.  -1 


(D-24) 


and  a^ain,  A  nearly  i;nii> .  ila.-.  .'-unpiilit's  i-- 


1  AT 

'  A  T 


/AT  AT 
A!  'at 


-1 


n-2"i! 
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AT 


AT 


AT 
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\  / 

\  1 1 
\  t  ^ 


(Xt-26) 


■■-'-II:  .  :  .J—  lii  ii  !-■  -i  ■  ,  -  I  i  V 

AT 

c  '  — .  r  .  ^  2?) 

' m  AT  '  y 

Notf-  iliiit  two  approximations  are  used  !n  arriving  at  this  -sitTiple  form.  The  exLCt  exnres'iii'n  ijiven 
bj  Eq.ialuin  I>-24  l  iui  lx-  u-pproximated  by  liquation  0-25,  since  A  is  very  nearly  unity.  Equation  D-26 
IS  merely  Kquaiicn  D-2'  written  in  a  difii  rent  form.  1-  iiiallv.  Equation  D-26  is  written  as  Equation 
L/'27  'u>  asnuiiiiiig  Uial  i’l 


AT  -  AT 
m 


T 


h' 


Tin-  iuiiu  a  i.  ai  is  seen  to  be  very  nearly  the  ratio  of  the  '  oefficients  of  performance  for 
m  ■ 

maxiniutii  tooling  rate  and  maximum  efficiency.  Figure  0-5  shows  the  values  cf  C  .  and  ii.- 
when  the  couple  used  for  FiRure  D-4  i.s  used  under  conditions  of  maximum  coofflcfeiit  of  performance. 
The  curves  were  obtained  using  Equations  D-20,  D-23,  and  D-2'7.  For  very  small  AT,  Equation  D-26 
was  used  ins*ead  of  Equation  D-27. 
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:  f  M-  :  r  h 


lU'  expressiniiv;  •  u  and  :  art-  nv>t  dttlic  aU  1 )  i)bta.n‘i  m  simple  iurm  t  jr  other  value<  ot 

1““.:’*.  lv‘‘a  I  thi  a*;.  *.:i  Q  -'.-ivl  -  ’•  t*.*  *  Wl,):  ailj  l-s.  nipfl  at  ul  tr  uliicicuv-c  in«S 


V.  U  Ail'. 


'  tr  W  ‘Ulu  V.  4u-e  l;^w.LU-u  a.k*Liusl  1  w:Ui  A  r  as  a  n;»r;i meter.  Ae-ain. 


mpjp  impH  |rtr  F'l^jres  D-4  and  D-J>. 
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n  *  pi'^'K's  Or'  \  Tiri  Tirrr  ocotli. 

In  the  preceding  discussion,  the  performance 
III  a  Peltier  couple  -if  civf  n  |)rnportiPs  and  dimeii- 
ctnnu  uTiS  analyred.  The  task  of  detf  !Tr.ieiC':  *h"- 
dlmeiisioris  of  n  Polticr  ccuplc  tc  prc-'idi;  a  pi  c- 
scribed  performance  is  nut  so  straightforward. 
However,  since  one  of  the  attractive  features  of 
Peltier  cooling  is  the  possibility  oi  aesigning  a 
ill",  u  r  wiiich  w  ill  fulfill  the  specific  reqairenieiits 
of  a  particula:  task  with  niiiiiinur.i  space  and,  pei  - 
hat>s.  niiiiiinuni  input  power,  it  would  be  desirable 
t'  'h-  able  to  detiTnilni  tin  sl/e  ..nd  required  in¬ 
put  power  before  final  system  destgn.s  are  com¬ 
pleted.  The  nomograp.hs  presented  here  (FiKurcs 
D  7  to  D  1C)  were  conslructcd  with  tl.is  objective 
in  mind.'  Since  some  quantities  must  be  deter- 
nu'ieti  bv  ci  mproniising  among  several  different 
paraiuclers,  then-  is  no  unique  CuoUi  fur  a  uar- 
tii'uiar  l  equireniem.  Km  instance,  a  single  cnuplr 
.icing  a  gi'.i':.  ..Ull'c't.i  .n.d  *  o.Mlgv  itmy  uc  •  cpiaci'd 
by  two  couples  using  half  the  current  bui  twice  the 
voltage.  Other  compromises  will  becunit  evident 
as  the  di.seussion  progresses. 


rir.iili  .1  ■-  UAn  I'l  ill  Ai  1  A  .\i  i  lAl  i  .\NU  cA  iK  1  1  I 
•A!  '  i  III  ri  HrA‘‘tM.\N;'K  As  Kl  Ml  II  iNs  ( IF  A  K 
nVNT  rr.n  VAitrni-s-  TFMrKKAT',  KF  I'lFFFRF'A'rs' 


ri.e  n- ipi  'g r.iph;.  wi  re  pri'p.iri  li  i>i  1\.  1..  Ti.  ‘inps'in,  Oeneial  r.iecliAi  Liimp  ijiv. 
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The  U  n  :  ^  e  r  s  i  t  y  of  Michtgan 


Irjt.fut?  of  S.:ieriie  end  Tt«.fir!ology 


"  '  ■'  ‘  •  .  .uni-i  r-.'-nri .ippii^  aoihly  t  i  nr  ,l)lon!S  ■;!  „\;uhnt.  The  examples  wn’ch 

a;!;  1.,  \^u'I].eu  .i,.i  Aiih  is-  ■  •'  a**;  quite  similar  lo  the  "typical"  couple  used  as  an 

i!l"'^tr.'if  'r.  ;r.  .  D  3  Ti-.e  •*v-;-:plc _ re  uuseu  on  the  same  material  pioperties  ;tiven  in  Fiimre 

r>  a  thes'  pr.-.perties  .1 '  e  v.^nservai.ivc  lor  coniniei  ciallv  avaitahle  bismuth  telh  r!t!i  ,  _;;r  -1  Li...  iii  tit- 1 
thermonertrii  inaterialsV  The  .  -1,,  nlr  '-  •nvlv:'  1.  ;  -  1.  neat  loads,  and  apply  to  tempera- 

ie  .1  J  I .»  t\.  lnf  Hi  w'*-' ’  •_  -..i-  iv;r  wnir-  '"•j  n'.vtcr.ri’  i-.ti  .t  "it-'t- '■>> 

.u!:;  .  ■■.11  ii.r  ts-api .  a:.ii  1  .tin-e  irorr.  JUV  K  tn  400'‘K.  Acrumpanvmt;  t  acli  ui  the 
ii'mc;'!  .ip.’:'  ;  ,  t.‘a  l  Oual:  >11  ■■  w  t-  need  in  .-..li.-ii  arlinir  il  It  sh.-alj  be  recalled  ilmi  llie.se  .tre 

apiir-i.xim.ire  .  ...  ,  liiev  11  e  .laeijii.ile  |,ir  the  pre'.i  m  ii-.  1  r  ,  '..eei-.-r.  .1  I’eltii  1  .  ■  i.ler. 

p.  t  '  .'rrATEME.N't'  Oh'  TKF  PRORI  FM,  To  illustrate  llie  u.se  m  the  nom  ipraph.s,  a  typical 
nr  ,l;l.  n.  e.ii  d-  !•  wiii  i>*'  ••amed  that  111  order  to  maim.iin  an  infrared  fletect.ir  at  a 

dvi'ii  e  ;i  js  .d.,i.  ,  T  .  h' .ii  111-.. -a  iM  r.  . . '  ..  n.'.T.  rati.  O.  Tii;;  r..  ..I  is  i.i  1  ■.  .'.''s. alarmed  to  a 

liihhei  leiiipei'alure.  If  ihr  ■  be  desired  b-  d"  Ihi'  with  the  .sm.ille^t  pj.-.sible  lie-'.t  pump,  leuardles.s 

'll  pr.'rter  requirciiiento,  u:  lo  do  11  most  efflclentlv  (i.e..  with  the  hitthest  posslb!"  ■•■'efficieiU  ul  ix’r 
lerm.inee;.  It  will  U-  a.Hsiimed  that  -s^,  and  s  ^  The  problem  of  optimum  design 

a/hen  Ihese  equ.ihiics  d.j  not  nuld  will  lie  d.se.i.ssed  m  ejection  D-5.  It  shotdd  be  noted  that  ..or.io- 
craphs  I,  f,  and  VI  .ippl.  o.dy  wi.en  the  equaltttc;;  dn  heilu.  ii  will  i)e  assumed  lurthcr  that  the  roI<j 
luiu  lion  i.s  ill  be  mainlained  at  270°K  and  the  hot  lunrtidti  at  300"K,  v-'i"  '  heat  How  o  1  watt  at  the 
I  old  Him  i.'.M.  i  o.  ■  i  ij..!.!.  y  -2  f.-r  an  i-uiie.iiion  ot  the  delccliviiy  v.hieh  mlttht  be  obtained  with  a 
lead  .sulfide  deleetor  at  270"k.) 


Die  procedure  In  be  lollowi'd  is  tirsl  to  deteriiiir.e  Ironi  the  parameters  of  the  materiabs. 

an  I  aT  1  f  om  t';.-  1, c. i  .,  li  iiipi  i  .u'ji'e.s.  TTn.s  iiiiiiiedi.iiel  v  ciee..  f  hi  ■  ■  'iTri;  lent  'li  (/l■|■lor  m.iriee .  r  it. her’ 
:  I  .ii.iMi"  I  h'  It  [lumiiiiii;  .1  I'll  iii.iMtiium  eiliciencv.  The  values  nf  aT^  “^ni’  ‘‘‘'‘‘i 

load  Jctcnmiic  Uie  necessary  thermal  cc.r.ductar.fe  which,  with  the  sperifir  Ihrrmai  conductivity, 

Il  ti  ;  m;m  s  tin  r..ir..  .u  u.-  1  l.■•...■l;  Tl'.i.s  i  ..u.  ai.-..  vi'-Km  ihe  required  le.-.i.-'l.im  i  .itiri  c.irrc;!'. 

■Ni  -si.  ii.i  le.icui  mu''I  oe  determined  Ir  -ii.  .  "ii.-.idecHti'iiis  ul  eonyi'menct-  in  Kilinention  ,ind  of  eonl.ii  I 
11  -I  ■'  ei  I  .  .  .  .  -Si  clioii  o,  Il  IS  tnen  a  straiohti  irward  ni.Uter  to  detei  mine  the  cross-sectional 
areas.  >.  '!'unic  =  .  .ma.sses,  .i..;;-  .-.tn;  r  dr.-Sirto  o'.ii.i  for  :iie  sie  .a.  o;-:,  , .p„  ,  .,1 .n  01  me  cooler. 


■V  -1  .1  ill. i::i. I'll  mrfo  atm,:  Ilu  pr  n  edni'i  s  i.,|-  ,  .,ii  uKnmc  U*  .-icn  par-im' ter.-  ■ .1  Peltier  ciiiier  i' 
ii-i7  hr::-  d....; . -  !  =  ......tr.itt  Im  dej,,  noeiire  *  f  hr  }','  r  ■■  o  imni' *  anti 


1 


! 


0  4.?  NOMOGRA^MS  FOR  MAXIMUM  HE.AF  PUMPING.  A  couple  which  operates  at  maximum 

ti.v  iiilco  u^ieu  ii>i  uii:>  t:A<iiiipie.  lio*..  liit.-  matci  i*it  prupertiesy  given  in  higure  U-  4..  In 

.  .  •  .  .1?^:  ,  t,  J  :  T 

1  f  . I  I ;  •  !  !  ’ - .  !  ■ '  •■  •«'''■  ' 1  i .  1  i  .t It  il  lilic  liiL  ii  L  LeU  L/j  .i  ^Li  line 

With  the  apiu'opriate  \alue  of  s.  Thi>  line  rntersects  the  tiirurr merit  ^wmIp  o  ?  v  in  th, 

'•  i:»-  ■;  111«  »'it  f T  .1  ••  ■••ph  •»  -pMlMUili  Ji 

N’  ‘Ui  ip.'i  II .  ■■  1  01  i .  i-niiiK  rou.itii-n  fiO.  n-w  >luiv;s  th.w  tor  T  -  270  K,  -  72  K.  That 

*  c  m 

m  ,1  ‘hf  nihleri  {-.nspl**  luH  .1(1 . .Uitiic*-  «>.‘the  capaL/iAilv  oi  thf  nif4leru‘>s,  U  eouki  maintain  a 
70  y  'ijire  differiMi'  e  wath  n.»  !o.u!.  With  ^  liTt’e  f '.rf'vji  ht  j  'a'nr.iin*’  '-''titii'-t  and 


.  . '  ini  ju  o  >1  ^  *  >n>li  lu  « i- >n.  it  Wiil  ut  v. uii=»ci ati’.  i.  Iv  a:.; 


vnuplu  Will  be  loit  lowe:  Uian  this.  The  figure  of  merit  of  the  couple  is  therefore  Z  -  l.C  x  10  ^/'*''k. 

•nd,  Irnni  Nonun'rapti  II.  AT 

*  m 

111  order  to  obtain  the  coeiiicicnl  ol  |  erlorniuiici'.  it  is  noted  li.at  I  ijuati.iii  11-17  i-ai.  lie  rln.selv 


»ipp*  oxinititcd  Py 


,  .  I  AH- 

'  Lj  2  :\  r  . 

•  '  m ' 


i  I)-28) 


III."  1"  (he  ri(u.ilinii  Iiiiiti  w'lo  1.  N  iitii  ir,  I’.inti  HI  \e.i"  r  :;-.l  ;1.  i  hr  r!it  rt  .il  vi.-u’k  ilns  appruXiiiui- 

(i"n  miiv  !«•  seen  r,r.  fiiniro  IV-J  by  eempnrini;  tne  actuhl  tiirvi-  ior  '  ■  ■;  Milu.ition  D  IT)  aiUi  a  straiglit 

V 

h,..  .  11  11 1  iiii  |i  riii  '  I 'I'l -’di.  I- ruiii  NuiiioKi'aoh  111.  ■'  i.s  deternimed  iha'.  lor  a'l’ ’  20  K 


K.  the  r’“-!!Tr:i  ".l  '!  pert- 


r  in.s\ I n..i Ml  hr.it  piiimnii.  '  b  It” 


The  therm. il  l  uiidm  t.im  e  .if  the  i  .mple  I'.iii  lie  rrl.ilrd  to  known  iinahtuies  by  cunibining  Lo -atioiis 
ii  1  ;  Il  :'H  I..  .  . 


Q  2KaT  r  ■ 

ni  m  W 


;  n  29) 


whirh  i."  reprt  "'mtrd  Iiy  Nomograpii  IV  vVitii  ^  o.ti,  eii  K,  and  -  1  watt,  it  is  iuuiid  that 

K  0.028  wall  'k  im  Ok  reqiiir.-d  therni.il  r..iidur;.tnri  o,  ip.f  (.uolcr.  This  is  thr  to'.il  thrriii.il  lon- 
diiriaiii .  ih.i  -.ufth  Is'ti!  arms  ..)!  liiv  ■.•joptr. 


Till  I  'l.i;  Hil  l  iiial  i  jiiduilaiKr  ol  boO;  arbi-;  '.f  the  heat  puirp  is  related  to  the  thermal  tondi"  •!* 


i.io.t;  ■  till  i.ltr.  11  Llir  rl" 's.s  -  sr  I  Hop, .li  art  .1 


.  I  \  TW.,-  1  V.. 


K-  :»  i's  ■  •  :»!'i  •  f  N  >nv'.:r,nc  ’»  'i.’iai  •.  f.T'i  «  :r..  I  ?•«  .t'.  >  4 


rmi 


!  O'  f  ti 


The  University  of  M  i  c  h  .  9  c:  n 


! 


i''f'  \*7  1 


With 


10  iihm 


i’l'M-  i  ii;.t,\ir-i-.::i  .  i--v  'i-H  of  N "0!T .  '011?!  S 

100  ..1  ""K,  T  -  27o"k.  olid  I'  ;l  8  x  !(■  "  Mnif.  :1  1-  th.tl  l.j  .<8  f’  ■  -  f  e'lli-i- 

.  1  ■  o..  •  . .  .  :  ,  ..  :  ly  im>  l  oiipipv  "•'.1^;-.  u.i  i  1  lir-j  iimiiy  in  parallel  and 

elcrdrically  iu  sei  Ws,  or  ny  usine  38  'n  amn  throii-.i.  ..  -o  ;j,  1,01. ...iiyi  ana  illectricali.y 

II,  SOI  o  s.  xhi-  ;:,si  11  ^i.iiiilo-  .-iquirL;,  dial  Uic-  (leoineiiy  laetor  01  each  couple  lie  1 /n  nijitis  the 

■ii  ■  .1  -I  .  . . .  .  . . .  „  ,.1  , 

d.,,..  .  ,.nsi;tui.'  .ili  the  acceoaai  V  i  ieclru  a:  and  thermal  inlorniatioM  a'Kiet  Uit-  .steady- 

:..t.  .  i  ,  .1.  ■  .  11  .sIh.uiU  oo  noieo  nn-.i'e*..--  '>>■•(,  alr.hc.Usl,  tie  area-hi-lcngUi  ratio  UJ 

/ 

!!;c  i/vm  u.xfd,  me  size  ha.s  not  vet  h-eii  e.st.d.ilishrcl.  Tins  tlia;  a  miy  iaU'ite  (te- 

y)ce  ernild  rl;i  no  better  than  an  extremely  small  one.  H<-wever  the  rtcjtref  of  niliii.iii-i  ization  poivs  ible 
■A  lt!,  s.u  h  .1  vh  •  s  p'.  i  i,.ii  iK  d-  o  to  (  ■iMi.  I  ri  ai«frin,  (>‘;  aod  tabrieatiiii!  'eeliliiilues.  Kir 

eaaiiiple.  i(  'he  i  diiiio  i  ro-|..i.i:i  e  at  hi,  . . M  mm  ti  1:  i.s  i.mdi  f  t  ,  i'-.  of  the  total  re*:tstnrire .  then 


/  .tnd  O  r  li  e 

;:i 


..  ivl-.-ti  .Muir.s  I  .see  .sei  lion  n.'i.^).  Allewaneu  was  made  lor  ii.ts 

2 


I  In  l.iKiap  /  u.'.l  tot  .1  L.iil.ii  l  ' esuit  !in  e  ill  'he  ■  ider  ol  10  x  IC  '  oimi-eui  ,  the  arms 


ot  Ute  couple  must  be  at  'east  0.33  rm  In  lenptb.  t'fllnp  this  imiKlh  Nom.>j;s  -tlV*'.'!  !\ri  al*»»u  i»f 

o.'i-i:'^  T'c.  t  ii  .  Ii..  I  III  s  ,  11 1.  la.iti  1  .,ii  I.s  ttiei  eiore  u.  It;  litji' ,  rfi,.iiUles»  01  Uie  nuni- 


1'  •'  '  MiMDilKAl’Ho  K3I'.  M.\.V!Mt:M  t.t>K (■•FlffKVT  DF  rrur’CliMAiNCii..  It  tl  13  desirable  to 
,n  SU  M  . .  •■i!.;  I:  1  ■  m  i  . ....jiiin.a;  oj  i.v>wer  railier  than  most  compact,  the  required  param- 

dti*  ?*•  ":i  r  '  '  ill  1 1  1  III  1  lied .  ;v  il  li  .1  ;.  1 1 .  .'ii  I  \  .  pi  .-.i-::'.  .  :  1  *'■  i  ho  'r  i  s  I ,  mi  iil  e  >ni  d  1  -  ni-  ’ 

Miapii  .  |il,.s  N  I,  ii;i.ipii  VIII  '>11  V  ■■•M-Mi  .ip.'.  III.  tin  I  r  .St  lie  i.s  used  msii.id  of  the  upper  one.  On 

Nmiv'irapt’  IV,  1.-.  use-i  uu  Uie  riaht -.han  t  s;-.'-'  1— t  -----  V;,-  i.e,  ii.’i.it  ales  .m,;  lor  - 

i  .t.ui  .imi  JV  1  i  .itiii  r  ih.in  t,‘  aitl  AT  .  The  i-suii.int  thermai  '  t.ndm  tiinrf  wi'l,  in  at  iii  u'l,  'x- 

r»* 

1,11,1  I  '  ,i  ti.i  m.,si  ,  iiuieiil  I  impte  tl'..iii  !t:r  ■i‘ii  niosi  l■'’r:lpat  t  f  luph  .  Nuinoi;! aphs  V  .;nd  VI  are  ti.sed 

.Is  ii,  I  ,;i  ,  A. til  im  '1011  i  ih.;<  f  i.'it  ri;,..;  . .  -.im  e  ii'.c>  sive  dil.'eioni  valaes  lor  the  geometry 

■  ;  i  ,  .st.d  till  t  le.  irical  re.sist.ance  H 

Tlo  .  ..  lem  n-..;\imtiin  ..'eli.i  ii  ni  of  iVTfiirniiinee  is  ■nvi  n  by  ftiuatMiii  D-20  or  Nomograph 
VTri  it-  ly  ...siJ  m  ihi.s  ,  .lii  ulalMin  IS  i.ne  eorrrr.t  '  r  !iia.\u:iam  Me.it  pumping  but  I.s  mil  the  value  .,| 

IP  I'”:'  :  ■  -I’-'  •  t  . 


■  ,o,  ir  siean.  it 


»i  .11;.  'Ji 


S.I  .-I  ft 


:  .ti 


■i  !•  r  I  '  Jp  h*  at  at  lijc 
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institute  Sf:erice  and  Tecbno.'cqy 


the  U  n  i  .  r  >  i  I  ^  of  M  i  c  n  t  9  a  n 


!■  !’.  i  r J  Kon'...i  1  .lU.’i  V^;  1-  i.»-i:irn  tiie  nt'w’  value  ol  R.  This  current 

itjen  used  t.  .."th  V.;.  ih-.  vaiuva  lur  AT  ajid  A  i'  iu  iind  j,  .  ine  leniTth 

£s  c‘.‘'t':T:xtv,  r-i  as  biiuie.  ^uni  Wuin  jp.'aii'h  iX  ;u;aln  gives  the  area  01  each  arm  i  Nomograph  X  will  he 
discussed  in  Section  D  5.'» 

The  dashed  lines  oti  the  nohiCgraphs  show  the  operations  used  for  designing  the  cooler  with  maxt- 
uienn  -c  -.'iicicnt  ol  peiToi  iiu-iic*.  i'htie  tne  soHd  lines  Indicate  the  operations  used  lor  designing  the 
C'JoR*..  uiih  maximum  rate  of  hea;  pumping.  In  each  case,  the  heat  load  la  1  watt  and  the  temiierature 

(1. It...-. ui  g 

Taoir  li-i  sumitia,  irc .  th  •  oata  ..ibtai.ocd  lor  t.hc  two  ci.-.-l.  i  !t  m  uiteresting  to  note  that  the 
same  current  u;  n-ouiruu  for  tlic  optiiii'ini  ueot^n  witli  the  two  types  of  uperation  and  that  the  more 


n-i  c  ^^aparison  of  cooij;rs  designed  foti  maximum  coounc  rate  with 

COOT.ERS  DESIGNED  FOR  MAXIMUM  COEFFICIENT  OF  PERFORMANCE 


Re<]ulrement«: 


Materials  used; 


Heat  load  ■  1  watt 
Tg  -  270®ft  (-3“c) 

=  300°K  (27''c) 

-s,  T  s„  »  200mv/°K 

"  P  -3 

p  m  f)  m  10  olun'cro 

^  P  ^2 

x_-ir_»axlO  wan/cro-deg 
n  p 

Assunto;  Effective  Z  of  couple  -  90*1  of  Z  ol  material. 

Maximum  ratio  of  resistance  nf  t  old  liinrtlnns  tc,  tut, a!  n  sisf’.iK  C 
3%. 


.Itir.i  ti.m  n  '>1  >nv  lu 


I 

1 


CceMiriPiif  i>i  i>erf»»rr.ianco  <C) 
i'ht  riiial  v''»ndii*  l.iiji  i  :  K/  m  w.all^  die 
A  r<'  i-f'  >  -  )♦  •»!;;»»»  r  I 

, .  1 .  .  it  iv  »t*  s.  f  I  |< j  Jit  ' *M n*** 

Ojitirjuim  1'  ir.  r« 

T  .t.i!  Ar*  ^  ^  ^ 


CttOler  with 
M.iAiuiuni  Q 

0.27 

0.029 


-to 

1' 


Cooler  with 
Ma.xiniuni  C 
n  59 

n.062 


.3  10 


38 


1  .00 
fj  -i 


,  iiei.v'f  v.;.-:ii..'*,  ;iV  « 


.-i  ir-.c  arc  a’  , 
.^rv?  faotC'-’  / 


■.  a  Cl  I  wnereda  t'-  n '-. -.1?!  1  t  is  f*!'  ■■■■('■•  -  Prie  lao-O’  J 

.!»  J'' 

:  '■auas  Lw.  'jS"  ("■  J»-s-,hi  •  .  •■||'l■.■r  ■v;  t-  al  ■.  '"r,  r.  .-  i  TceE'C  ’ 

'  ...  -V  _.  V  Tins  rj*i:pn  liv'prii'it”'  ■■  :-n  t.i\e  ratio  AT  y  \ 


- . ,,.i  . .  ••  .r  ■  .ai-ttri''  .  :  a  cudU  r  L  .  ..  ifivap  maleriaTs  ar*;  fiAen/'by  th'p  i-.f 

■  J 

■  ::.t  .aiu*i.  >1!.''.  ace  to  Ue  niAintaii-  i.  For  a  AT.  rp-  •oefftcisr.t  erf  perforino... 

'.  '■■i:  atone  itcrc.use  i..:eariy  'sth  »  ;e  neat  i>.  .%u.  i.ie  dependence  of  Tl&i!  dimensions 

till  a  t,iver  (oad  Is  stTinl''  a  ''.ir'.  f''-  iT  j  .sr'-'tl,  ir.C  OPil  £huu,i^4  be  tiestgaeo  tor 

r-fatf  .  jue  I’i i  iwu  titer,  operated  at  lower  rurretr  s  for  srialie-'r  X'alucs  of  iT. 


■  •  tiUCr..-  .  t.ONSfflFHATIONS 

T!r;  p.'-C;  -!..v.  dii»‘ assu.-ii  i:.  w*  r  pi.r..>i  •  nat.  (Icait  v'  -i  a  idoaliityd  situation.  Tf  ai 

IS,  Uic  pi.  ',  na  i(  r  referred  t  >  was  (h.n  .f  a  riven  thernioeifCtric  imtlcriai  .>  y,>vr:;  r:  i.-r!'-;, . 

The  i  i.r  lUttra  rnt.*  or  hea’  iiimeine  ^eferr.  ,!  r.'.j  !.■  the  heat  remiryod  ft om  liib  junctions  oeiwee". 

T-  •  1- ■••!'  vlri;  loji.  ri  . »...<  tUv'iJ;;aJlr..d  r'cn(lv4<..lof  on  Jie  ijoid  side  anc:  detivirco  to  o;  ■.  ti';*!  -; 
r-.  '  wcen  thf'  mormoeloctrU-  materials  and  idealized  bn  the  hot  sir!,  Little  menti'  >  ■■A  t  yet 

made  yf  a  numtier  of  considerations  that  are  ;!  v>.;,,-,defable  lirp.ori.-'oci'  >,!,*:«  tiii.r  hrio 
■kn','  la  iiiarrird  into  a  rpfrliferft|!n(c  pystSm.  Kcac/  siicfe  tjonsidcratlons  arc;  heat  ea..-.r.;',..4i!'rs,/?r'i  th# 
cold  a:id  hot  k!rf*s,  fie-  •••icnl  and  thermal  r:;'  li  /.  i.:es  of  ti’c  junctions  '.ti'weari  ih  ii-.a  .noelectrtr 
JitTwl*  and  italmiic  conductors,  provi  lic  .  /  'practical  power  supplies  ‘j-.i  ..iLumain'twonietr)  to 
irtke  full  advantage  of  tlic  capabilities  (/  d'-  /';.»!:erials. 

z'- 

In  addition,  practical  devices  may  .,ecy.  jhake  use  ol  a  niMoL-r  01  idei'i:-.  a-LiOr  simtlar,  simple 
.Totoi  I  r  arr  <n>;e'';  'n  ;)arallel  or  ser  .es.  Such  arrangeim  ii''.  ■  ■  ■'  !i  to  achieve  larger  lemp- 

eratui.  .-1  'rrcnces,  larger  heal  pumping  capacilie.s,  greater  coeiiicientr  of  performance,  simpler 
geometric  .iinp.a.  power-supply  requirements. 

V 

The  present  sec  *  •»  irJl]  deal  with  some  of  the>?o  asipects  of  Pjltier  cooling,  insofar  as  the  prob- 
i  "'ns  involved  are  ‘  '  diff'?!  ent  from  >Ju*  «a»r!e  Vrpe  n!  prohlrms  i^ncuunltri  ed  in  other 


.n  ^.T  ni’TT\?T'?v?  r’Rnss -  t.  v\yLrL'..  11  iber.-  and  p-lypt*  initeriais  dn 

’  t'tKia?  r*  .i".'  .•  s- r-aidw  t.\ v .■  n-.-.  uif-n  rr^-.ipir-  wit.'",  cqaal  diii..  li.-'.j- 


O?  ''ff»*nce  Qri<j  Tecf'f'olo^^y 


.  .;i*  lA  j  .11  ms  .*  il;  i'  :*  pt’ri.'rrt'i  a.-»  woll  »i:s  .i  '■  ji'  U’j  tbf 


>«;  i~.irH  !n.iifi  uii.s  ii’.i  w;ih  pr  •])- 


t-ri*.  •aa;’j?>it  a  n.r-rn-.i. 


dimpn*';.  1 


!*!.:*»  .  At, 


.•ttlliV  a  J!  •  '' 


■  ‘  ;  ’vn,»_ •.  i .  :iU-  V  U 


•v4.«  .  V*  V..  ‘iu*  i(K  15  HU'  a  ::  uiv  arms  nuvc  cnuai 

N  ‘ 

111  •••:».  1  ji  X-  ;  ^ui  e  o!  merit  oi  me  »;ounk  .  . 


.  t  I  it  ^  »  1*  ' 

‘  c  '  ( R  ♦  R  \1W^V~K  \ 

V  n  p)'»  «  pj 


(  D-30) 


'‘■"lid  tn  gener--'  '  '  ..-  Oxjf.  the  matcr:^!  flgi-rt  ol  meiu  .a  LquuUa;.  D  i.  The,  iic  equal,  ajid 

IpaxlniUi.  ,,a3r  u'  the  ntaterl“I  putentialiUe^**,  uu«y  a  tlic  uiiiie;iisiuii&  i»ic  auju»tcu  tu  tnintmize 

HK,  I'  V  .i-nator  ol  Equation  £>-30.  This  optimization  requires  that 


i»/f  »n» 

__w  u  ^  \  n  PI 


a  'f  n  »f 
P  P  P  n 


(D-31) 


U.  hf  £  •  •  .»  I  tl<  j  I  M  »  t  • 


•  U'J-  i- 


■'  ivuiil  area  and  lengtli.  i-i  .sp-,  eUvely,  ol  the  arm.,  distinuui.-.he.i  by  the 


ii  I, ..  I,..,..,  II, .1,  y,.,.  ,.  i\  >.  ,.  .  Oil:.  .)()iiii.  uo  li'.'i,  ar^  T...!  too 

•rrioin  Kiir  inNlanre  with  .arms  n(  eqtialler.rth  th-  ratio  a  'a  mavl'ea--  at,,  h  as  ''O'V  U.-.ror' 
Mii.iller  tti.m  tile  .iptinuini  ''alue  wiihuut  produehnit  more  than  a  4't  cieereast  in  the  i  lloetu-f  liyiVTS  Vf 
mer!*.  r  at- and  Us  alloys  wit.‘.  rclaUU  .oiiiposiiUs,  the  opliieiim  ralia  of  at  ea.s  i»  quiip  near  to 
'■■a.  ..  -t  I  •■(.•I  .1..,.,.  .Oti.  !  I-.  .  ateiuent  lu  !  .1 1  I'i  e  ■  ‘  • /IJ.,  'J.'t-s  ,t;  rfprcscntil  blKMif,*- 

•  «i. t  •-  .1;  I  1 ! : .  I  •!  p  »l«  m  J  J M  I  s.  »r ir.atH  ■ 


■ . ■  ^ J •  V'-  ‘  I  .«)  r-l  -  -«>li  Jii  -I  ...  II  L'i»  :u  .ii  t  1  \l\x-  V  ;Mrl  1:81  Irom 

,•  ....lee!,  fr  lift  ;ut;e!;  .at  t.,  th,  la  ..t  i.  i,.,t  >u,n,h,  .mil, 


p:  *1  M  l’-  :•  :*  .liit  •  -  l;u.-  ms  (  )'i.  p,,-  pt  ''.•I* 

•  "  I  •  •  -  -  l  ;  .1  ■  I  ...I  I  1  i..  £ ;  it  :  'jh  i  i:  .1  i  1  jv  >p.i  tiM'  i.l  1 


•  -‘i*  . . Hiu.u  i  IJj.tl  I  he  Mu  tl  -rpjpft  jn't-  •  'r-f  .>>■<' u 

iri  -  1',  .  t'l  Ihc  remtin  hrine  cooled.  This  ‘ntr-idures  nvis.ial  liyt  n-.t  tae.dan’.c  ntallv  m  -a.  :i 

.md  iir.it  tra.'sft  r.  T-.  :.ik.  i..!l  -h  ,.{  li-..  , _ h-*. 


Science  M'Mi  Tt*chnoioav  T.-e  i o< 


'  •;  iu?\  ;■  Vi'-;  y-y  U^..■  :T:;i£i;anLe  o'  (.CMectlMi'  cuii- 

.  ,;  .i-.-.;-  ■■-l  ;;;u:  v  I' I,-’ ,  ;  *0  r  ::  u't"  v.^aU- 

neat  "fnn'ratec;  in  the  electrii-a!  co.r--».u-*-'-/‘;  c.;r-  A:  •'■••i.'*.  -o  .  -nA 

L.lt-J'i:'--'  Sj'--  J  C  i-U  -..'ijpt*  -^r-r.  *  r  v. fv.'v'-  •..■ic.icfs  Lt:  h3V.'ei' 

j;  !'.t  i..<.-i-,iiueici-ii  !>.  r'.  inp  pnect  of  !uni:li..vi  ref  is'ai.-i^es  uuy  he  «i^aifi- 

at  litt;  eoid  luncit'--,  sine?  hr?t  generated  mere  eiiprnve'.y  adds  to  the  he.-,;  load 
T!;i  ii  >'  >  iiiLii.ir;  l•fi3talI^  e  li  not  f'J  importan!  Sint  e  o  .-af.oy-  -o::er.i;.a  iiiinieiUatety  next 

Uj  me  ncit-rejecting  .surface.'  ‘ 

The  heat  generated  tii  IIk  oviu  junciiCii  rt  ifi-tAw  e'f’j  i~'  rr-.^,  and  simply  adds  to  Uif  jouis-heat 
'ero!  o!  Equatioii  '1-7,  v'hicfi  describ'a'  tile  hcitt  baisncc  at  tfie  cold  side  of  the  couple.  Thus  with  two 

luni  iions,  eac.h  ot  rtoioUnce  H,,  on  the  cold  Bide  of  a  couple  w’hose  rcsi.stancs.iK  XI,  tin;  joule  lieai  to 

'  2 

be  removed  frotr,  the  cold  junction  Is  i  1/2)1  (H  +  4t>  ).  rne  rffprtiv?  ro.si.staiue  the  couple  for 

.  J 

;'.ti  {»-'♦»  -  i.-s  iJ.tT.  •  tiv  .  >h.i:  tin-  t-KtHliv*-  lii'.iUf  .»i  ;;KTit  1;. 


(D-32) 


•V.ivIbGS  ul  A'  lOi"  i.  .jiVen  2  and  R  /it  ;?iay  be  found  using  Nomograph  X. 

.  .  C  C  J 

i.  I'  /ai.r  for  Z'  to  be  .'•••  -eter  '.h2r.  rc~.'  jr.inlwuui  fraction  ot  Z.  so  that  the  lunrti  i>  ••  .Istance 
ivtil  1 ri"c?'v.p.'Ac'ro'iTiia.s.;ii  luore  than  a  specified  amount,  a  minimum  length  for  the  cooler  arms 
j.v  dt’lf-i  iiii.K  u  V?  -  iK  /.furfaec  v^sisUvity  r  of  the  junction.  In  terms  of  r,  which  has  the  units  ohm- 
Liu^,  Uh-  resistance  of  one  cor.tac*  of  area  o.  is  r/a.  .Cin.  e  n  -  2ph/.i, 


4H,/H  =  'ir/pL  (D-33) 

i.qua'.iuii  'i;r-»l2  ts  then  ■»  Z^(l  >  2r/pL)  Hence,  lor  a  specified  performance  of  a  couple  made 
from  matcritil?  ''dth  ?  (''yen  •'  ‘’■c  rntl---  i  ’T  o.usi  rcmani  (.oii.^iaio.  Tnus,  as  further  reduction  ot 
coiiiaci  .  esistances  is  attained,  the  minimum  length  of  the  arms  may  be  decreased.  Since  Uie  volume 
o‘  tr?  .r.rm  is  aL  or  yL^,  and  y  is  fixed  for  a  given  requirement  (  si^p  Section  r,  4  ?'  ’y"  rcninn  J 
voitiiiie  \)i  l.'iernnielecf  ri'-  nr;*.?:';.: .  J.  .  .  ,  itr:  i.'f  -  :::  .1  t.'..  >  ,  . 

.l„iM  ii-.n  r.  -j'-i'ir  _ i..»tujatec;  and  .ire  tlifitcuT.  to  nie.t-nr'.'.  .\t  pr."  —  n,  M'.-r-n  .  o  m- 

C  •! 

' !  1 0  \  1 0  ^  *  I^*'  1 1  *  v  ! .  vi  .i>  -  t :d  ilii  .«  rf  ;  li;  .ant 

•  ''  I  •  ■  r.  ’  f:  r:  •-  !r -f  ■••!•••  !  :•  n-  /  ■  il  t  .  . 
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Tl'.;  ,  1 »  ^  V  1.  JL  I-  'i  L  ikjii£-„-t  L/k  lit'  ktivu  kt^  .iiikik^kik‘kik.y>  or  nik  kvo  kki  e  v* 

asj  l■.,^nvel!^t•ll^y,  J!>  fsetui.i'al  resisiantes.  v^u<;>.;*.«itively,  liie  eliecl  ol  thefco  Uiermal  resislkSnhes  is  tj 
i-'ip.Tpkise  the  npressarv  tekV.per-iture  dlffprenee  hefiveer  the  hot  inr!  rnlrt  ’tinptinn*!  however  »  -r 

iiini  oi  juiriing  material  f.l  a  junction  is  usually  very  thin,  aini  tiieicluiL  iias  a  higi;  thermal  'onrluL'i- 
BiK-'e.  th?  temperature  drop  introduced  is  small  compared  tu  that  appCkiring  'cross  the  .neat  excharpki.s. 

In  terms  oi  me  coeffik.ient  of  oerformance  r  .  the  rate  nf  heat  tinw  across  the  hot  innr  ficn 
y,  1  •  1  i"  J.  liius  Li.e  eiicvt  oi  liiei iiiai  ret-i-siancc  is  more  serious  al  the  hot  jimction  than  at  the  cold 
jkiikCUvm  .kiieii  lilt  lain  ii.  al  i  :.o<v  is  y.  It  the  lWk>  lunctliJiis  have  siintiar  Uiei'iiial  contacls,  liie 
'  ;  •  :  •  i!.  t!.t  liiciin.ii  ■- esistancf  at  l.'ic  hoi  luni'.tuin  will  ta'  ui ''.itt-r  tiian  lli.it  at  tiie 

cold  luiicUu.'i  by  the  lactor  ul  1  r  1,-  s  • 


ri.r-.  t.  HIl’Pl.Il  PFFrrTS  '.'.TTI!  HFCTIFIFD  !'  !;  '  V.  t.k.  il'  u;  :  uti  •  liiK 

Into  the  call  jlatiuiis  of  Seelion  D.3  arc  direct  cui rents.  Any  alii  I'lalin^  eoniiiontiit  ol  eerrenl  would 
produce  louiP  t eating  luit  would  pump  no  heat,  me  jinivislon  oi  steady  direct  currents  at  the  iniped- 
.iiu  e  levels  requireil  lor  I'cllier  couples  is  nol  a  coniiii.aiiv  eiic.ian'kcrk  ."i  jiiMiJli  ni.  ■iVaiisiornu  rs, 
lei  Uliers,  .ind,  parttiulai  iy,  (liter:,  ire  d;:,> . ..a.igiiic.iv  imisv  lor  eiitreiiis  ul.  c.i;  ,  tens  ii(  ampercH 
delivered  at  teijthn  ot  a  rnlt.  Thcraioclectric  sencraUii  s  would  be  Ideally  Kulted  lor  Peltier  coolero, 

SIIU'C  •lie  unpcd.liH  e  al  .sui  ti  a  aen.-ratiir  would  lie  ei  nip.ir.iiile  to  the  ii'iiii  d.uii  e  .il  itjc  eoulor. 

'A liei.  1  ei  t it  i.-i!  .1  1  . -.1  I ■  -k  j.- -  at  k  ,  iiik  ...11  r  i!  11 1  '  <I  per  loi  iii.tiu  ■  lilt  1  oilui  i  ll  I ly  iiiijiet  lei  t  (litei 

Ills  IS  1  eiativrlv  td  e-eMiUt*.  ine  quentUlee  of  importance  are  the  root  •mean*  square  current, 
whlch-tJetet  mlnee  the  Joule  heat,  and  the  average  value  of  the  current,  1^  which  detcrtnlneh 

the  .imouiit  ol  heat  in.n'.ped.  These  .ire  Ircqucntly  rei.Uid  tin  jugli  .t  (jrm  fuktor.  F.  defined  .is 


^  '■  ‘a 

rins  d-c 


I 


The  lot  III  la;  tor  is  easiiv  tlHtermini'd  Iron  twe.  rc.adings  one  on  a  d-r  ammeter,  and  the  other  on  an 
imnti  t'  f  t  th>’  tyjs  wliik  li  ri.ul,.  liue  riii;  euiieiil. 


II  till  b.isii  i(}Ukitioiis  o!  Uivti-.ii  L'.o  ai c  wi  ilteii  Willi  I  111  i  kii  h  ol  till-  joule  -iiiMt  tiTnis  and 

rnis 

'‘■'th  F  '  in  each  of  the  Peltier  heat  term.e,  the  re.sultirg  equations  describing  the  perforni- 

ai.et  all  quite  cihular  to  me  origi.tal  equations,  in  each  eaualior  where  S  aopeacs  it  should  be 

:  .-i;;.!.  .-.i  i;-.  .s  F.  .-.mi  wiiere  A  i  leeiirs  It  sr...:ii.n  lie  ree'.arcd  tn  AT  In  fact,  since  AT  is 

9  a*  111  111 

'  >  s  th»'  r*-i)lai  fii'eni  -it  '  i--.  >  f  ~  il'  •’  il  is  m-i  ess.irv.  This  is  wh.it  should  !“■ 

■  ...  .  'i-  )r.;.ii.  -  s  r^''s  '■  -’.pur.uti  n  -  e  'rs 
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the  heat  puinvcnt;  term  of  Eijuation  D-7,  and  in  represenliriir  the  werir  a^ne  ii.ci  iiiac  cm; 


...  D-  i  a. 

,■  By  substituting  S,  F  for  S  i.t  the  equatio’.s  of  Section  r>-3,  it  car.  bo  shoAi.  tha.-  me  pr-rlorriaiict 
I'larameters  for  nonsteady  currents  (denoted  by  asterisksl  are  relatod  t  i  -'>■  -dv  ; 

'  w'** . *  I'.r iv ,  a.-*  M'iit>ws 


m  I 


u’ 

V.  ^ 


I, 


r  .  Ji.  /,  .AT_  \ 

i_  r  -  !  AT  H.  *  AT  I 


'Q 


AT 


m.  y 


m  / 


g  • 

w_  c 


-  i  '‘  i  i  •  t"- 


a, 


m  II  at  I 

tu  /  \  m/ 


in  u.smg  ihe  ennvenient  rr  lattor.iluy*  u>  EuuaUoii  fnf  e»u*<ng  p,- ;  f...  .u.-nce  w.lti  hi 

1.1  1  ii.rn’.ir;  .  ..  ,  1.  ,  .^jiciu,  It  must  be  'indersfood  that  tin;  currenlH  with  a.Httii.sks  are  rics 

v.Umc:.,  I’l.i  I  -  I . .  :';;  i  ,  iatyer  .ny  tflc  factor  F)  than  the  ••s'..es  re»d  on  a  d-o  Brn--' i«f  which 

mlitht  be  uyt-d  to  tr.-".-  hr  eurreiit.  Thin  me-ins  t.hat  If  a  d-r  ai>.oi-(vr  is  Useu  to  measure  th  cur- 

r.'i  t  .11, !  j.. ■  Tp.t.  till  lUiie  oi  i.he  readings  tor  curier.ts  tyhi^i  give  maximum  neat  pumptna 
2 

would  be  t/F  ,  and  the  ratio  of  the  rea<iinj»^  fo;.  o.j----?.  niartimimi  '  'etf;;  ;, ioriiiariiic 

'A  ''.i  U1  i'l  IlIUl  , 

Till  1  urvr...  in  r  inir..  i  •- 1  u  ■  -.v  ,  i.  .  i  .u  me  lorin  !.itliir  on  AT  and  no  the  optimum  cur- 

III 

repis  I  ■  .ind  I_  ,  file  turves  in  Fnrure  f)-19  shov  Hit-  .  or.  the  coeificient  of  pericrmance  for 

V 

n.iMO.um  In  ,il  I  u  ni'i:  ,■  .1 :  ■  il.i  In  -'  nunnn  a  iu:.  uptraUng  most  efficiently,  uih!!e  .'’igur. 

n-2o  li  •  I-  o.i  n..iM;i.uii.  i  i  aI- pumping  l  ait-  and  on  the  maximum  coefficient  of 

|)e.  I  riii'nci..  il  ...huuld  be  noted  that  r.rsiiv  .uhievable  filteiing  produec.s  form  factors  less  than  !.(?!. 
i  .  '  j'l'-.  .1  .'inusi'id.ii  rii>!';e  oi  nu'.  i.i  ..  peak'to-pc.ak  ampiituoe  a-.-  ''omp..nc.".f  -  vC- .  aver- 

■  ■  i  .1  lorni  •'I'"';  . .lii  A  i  A  i  ^  .is  iaren  .i^  o  .n.  ;liis  um.)i.nt  ol  naiiii 
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— f - --4T«/AT 

'.  _ _ _ >11  m  _j _ 

-I- ..  i  ^1  i  _l,  ■ 

1.2  1.4  1.6 

PORM  FACTOR  F 


' '  It'  ><  ■■  l■■:;M  I  \,  : .  ,{  ■  ;  i  ^.;^.iJl■,^^  > 

>-'j  ( Ji’ ;  i...j ; .  Ai  >'i  ,s  ( ...  (j  -..Ml  I-)  wif 

■'■  1 r>:;.;i>;  “  ..  fj  ij:;  i;irn:i{i;Nt  i. 


tr.iu  wait. 

vUiifaterevl) 

AT' AT 


-V  =Xr- 

.a  V  ^  =  0.5  ■  1] 

■-  o.su.  ^om  f  f.  j.l 

•  ..T  ; - ^ - ,  T - - - - ) - i - 


FORM  FACTOR  T 

HiiiiHK  I, -111.  K'HM-FAC'K'ii  DEPENTEVCE 
(ffln  !1TFFFnFVT  A'.‘-NT,,^)  OF  I’l -KFFKTK  VT  (.)' 
I'fcUKOKf.lANCK  AT  MAXIMUM  HEAT  PUMPING 

:\'^i  \v.'  !ii;.i'^  I'r.Mnr.'fi  hatk  at  maximi  m 

('OfKKIf'lFMT  OP  PKRFonrijANrp 


I  nil  llrri-d  F  ull  W.ii  I 


iN.  'T^g-i?  '  ' 

!j  S  aT/aT.^ 

!*  !  !  1- - 1— 


1.0  «.l  1.2  1.3  1.4  1.5  l.e 

KOHM  FAC'TOR  F 

FinFUF  n-jn,  FORM  F\rTOn  UFUFMIFNC-F 
'FOk  DIFFEnENT  AT  AT„)  t.-F  .MAXIMUM  IIF.AT- 
rUMPINO  WATF  ilj,|.)  Avn  MAXIMUM  Ff'F  FFirl.F.ST 
'  •}'  I'Fliti  iRMA.VUK  (  ,„j 


■  O  Oi 


C>t 


Thu  U  II ' 


vers:?/  of  Micnigoi'i 


;r:-  r;t-u;-i-unM'!::u  r-itu  tu*-  J.  i  iliLiui;'-  u;  :  f'jrir.aiice  bv  iu.ss 

tblii  If:  't  i.i^r  .  -i-pn  huiu  lu  iu  -  or  iuss.  all  I'M'rf.;..  ;;;^r;rr  lossr-s  i;  -  IcSi  inai.  I  « 

r.'-  .i.  I  C'f  ANSIEN'T  El  FtCTo.  A  (luimtjtativi-  truatnie!!'.  0:1  he r.  ii  i  ,'  oi  li  uiermoelectrit 
'-oupii  opeTdtinn  uiifipr  nonpfju'hbriuni  C-'Kaltloa;-.  ia  beyoiu'.ijl.u  ,;;t;c|h  .  >1  i. he  discussion.  How- 

p-.  f-r  .1  oc-iitai  1 V-  r-eeTice  ric  iii-tde  v  jnuerii  >;idr:su:i;;ia!ir.v  -  heo!  load  r’lrront. 

i  : 

Ttjf  tuiK  reijuued  {•■  .1  ■  U- occur  ujiii  tiiei  mal  ccndur- 

:e-  '  :  1"  o.v  I."  i!i :  ...I-  .  .  I  '  d,  a.-  '.v.  i.i  as  on  the  .heat -transfer  coeffiriants.  A  cooling  device 

which  putnoa  lu-.tt  :■>  in  ;  'n  iMb'  iiaiicile  a  load  of  20  watt.s  fni  10  si  cuiido  on 

itie  told  side  with  temperature  change  of  less  than  l"  If  the  nonthermoelertr  U'  c  iniijoncntb  ju  liiu  cold 
-■oiiu  ".01  a  neat  capacity  01  25  calories/ “K.  T^ts  heat  capacity  corresponds  to  that  of  about  250  grams 
of  I 

l>nibliMi;  llii-  '■■■•Iin-;  .  Mm  iit  liiu  rate  ol  tieat  removal  bv  <hi‘  Peltier  elfi-c:  o!  Lilua- 

If 

!i  !  '  V'  r/iio,  Since  the  arrival  of  joule  heat  at  the  co'd  sidv  is  slowed  down  by  the  thermal  dlflu- 
sivity  iif  the  arm':  ni  the  rmipii-.  the  m  l  i-ooling  ;  ale  is  leniporarily  increased.  In  fa^t,  Stll'bans  and 
Fedorovich  ( P.e.tsriipc;!  tAivw  shown  that  do.jbllne  the  optimum  steady-stale  cooling  current  Uu'uugli 
t  iw-is/ti  jOV  :i/s\iued  couple  will  produce,  for  a  short  time,.  «  temytrzturc  di’foience  more  than  254f> 
gi^.Ar  ti'.uiV  iiu . avrof  ji .  ■’i  no-load  steady-state  tempoiature  dm.arenee 

:i:'''id<nUy.  then,  an  increaasd  load  and  an  increased  current,  applied  slmuU.incuuslv  for  «  Mhort 
Vi'i'i;:.-,  tend  to  rnnipeiisab'  1  .it  h  oil  vr.  I’liis  suygcsis  the  pos.siblllty  of  maintaining  a  constant 
ternperature  differ  «..c«  almost  equal  to  by  using  a  control  circuit  to  vary  the  cooling  current 
Wiled  short-duration  overloads  ocmir,  even  though  a  steady  overload  of  comparable  magnitude  wrmld 
make  it  Ipipu '*ib!e  to  malhttin  sc,-;.'-.  5  large  iviKpvrdii're  difference. 

"Short  time"  ns  v.nr  !  hire  is  a  relative  term,  dependent  upon  factors  such  as  the  thermal  diffu- 
A.rvuie/:  e.nd  tlie  heat  capacities.  The  same  factors  also  determine  the  time  required  to  attain  the 
deiilred  temperature  dtffvience  when  the  cooler  is  initially  turned  on.  An  Indication  ot  this  cool-down 
time  may  be  obtained  from  ..uii.sidcratioii  oI  the  Peltier  tooler  ol  Figure  D-4,  which  reaches  more  than 
half  Its  possible  leiiiliei  .iiu:  -  :iifi\ ;  in  less  than  a  minute  when  operated  a!  ihe  current  for  itiam- 
iiiuni  lu-at  piimpini:.  Ini  ic.i.sin,;  Il.t  ,  urr-'ni  uver  this  v.alut  lj'i  dccrca.se  the  cool-down  time  con.sid'T- 
■ibly 

n.s  'i  i  Kf  'iM.U  1  V  "  1.1, Li.I/ cOi. l‘i-i.i.  r'wb  irientn  al  f’cltier  i'iiii|iles  pi.u  i  d  ila  ri,i|.iilv 

m  par.alle!  -oM  piimr  t  v., ,  ....  o..;iii  nr. it  at  me  .-.ami-  temppratere  diltrri  ni  r  .tiid  'Aim  tni  .‘-amr  l  oi  i- 
lii  icnt  111  piTlorn'cincc  a.--  .Ji-.s-  .;  Jii,--:;  .i;-;nr  p:  •  iili  ■  i!:;  ..mn:-  lo  i-  lO'jal.  N’  rii,.;!v  tr.i  . 
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wou!d  be  connected  Tn  series  electrically,  requiring  twice  the  voltage  and  twice  the  power  of  one 

“  '  •oliTig  oyStciii  ui  a  iatgc  iiuiiiucr  ui  couples  are  piacec 

ir.  p:  .M :P  I  flip,  r,  {Uv  c  i  III  Si  I'li^s  cit’cl rit allv. 

!!  thern-.a!  '■'’P.'  ic!  with  the  cooled  regtr-n  >s  made  through  a  mi'terial  that  is  an  electrical  conduc- 
•  if  rt rtCiAct  i£  nri  clectrlchi  cohdiictcr,  prcchpttor.h  miint  be  taltcr,  to  avoid  o«Ov,ta  leal 
..  .  ,  .  ..  ,  ..K  .1..  -  .o.id  Ls.ds  s(  till  iiijplis  anicli  ale  all  ui  aili'.  lent  ciectiical  potentials.  Very  iiuii 
ipKi'i.iip  g  f'.|!s  ...  (,ii..s  n".!!  .  .-r'.'p  a.-iequuiely,  without  much  increa.se  in  thermal  resistance,  for  the 
r.'lalively  ic .v  voltaces  It.vclved  , 

.'.pcrccii;::;.-  :np..t  v.'lt.iccs  •  •.uk!  be  u.scd  in  cast  s  whcic  the  i siuple.s  are  a'-ringcd  Ir  large  ba  ks. 
Sknilarlv,  a  couple  of  large  rross-sectiona!  area,  lequiring  a  large  current,  eould  be  replaced  by  n 
couples  each  hnvln?  1  'n  times  the  area  i.f  the  original  one  and  requiring  !,''n  times  the  current,  thu.s 
i;..i!.i:.„  li  i.i.iiiit  u.  n...  Ill, lie  I .iiiv enlii/ii.ii  jsj.'.ei  supplies.  ITus,  ui  cuui  se,  enla.is  dddilionai  lab- 
l  iridinn  pr.ihlriiir.  because  -.1  tt.i  liiei  vUsed  nutiibei  of  couples,  .'li.nec  luOlci  s  »ui  liifiii.ieu  ucLculuis 
do  nut  nuriiiiiUy  require  large  banka  of  uouplaa,  further  diacussion  of  auch  deuiuaa  will  not  be  given 
here, 

u.0.7.  TIIUKMALLY  CAoCADKI'.  l  OUPl.K!>.  i  eltirr  e.>u|vle.s  may  be  placed  in  Mrles  thermally 

I  i.e.  c.iscadedi  lor  two  pui  iio.seM:  i  1)  to  achieve  a  high  coefficient  of  iierfomiiuii c  for  a  given  heat 
load  at  a  given  temperature  difference  or  (2)  to  achieve  a  temperature  difference  greater  than  can 
bt  aiiiievcU  viui  a  single  couple.  ITieae  two  are  I’ul  entirely  unrelated,  me  limil  on  the  coefficient 

..  p.  I  I  n  iiMiu.’  U'ing  I  •  i.tled  iu  tile  liniil  on  Uie  niaxiniuiii  teniperatui'e  diiierence  i  S|;e  Equations 

II  1 1  ana  D-ii')). 

IS  A.i.';  ;i  niiiid  .;•.!  prrv  i.-.i.vly,  flic  ...eifii  lent  ■•!  i>er(ormaxire  of  -i  Peltier  cjuplc  independent 
.1  11, ,.  ,  .ip.ii  iiy  ..f  tin  coiipii  [t  niay  Iw  expresbcd  ;n  tern.,-,  ul  i^T^,  AT,  and  Tj^,  as  ..howii 

I  y  !  .  O  17  •;;.d  U  2G.  Thus,  it  is  possible  to  discuss  llie  improvement  in  [lerlormanee  by 

■..isc.idinc  A  il.'i.,ui  c;'n..idi  ring  t.ho  cuirent.  voltage.  Iieat  load.  etc. 

The  ."Xpre v;.”.;';  fe,;-  ihC  -Wt-r-iill  j/iri  icii  iliajice  ol  a  luolel  C'Onsl.cling  01  n  siagcs  o;  I  eitll'r  couples 
■  C  ‘  •  -f.-'i  •  i  .  Thi  in  .;l  ’..ud.  sla,,c  .  eius  Liic  power  to  run  it,  1’,.  both  contribute  to 

^  ■■■  ‘^.1  :.l.v:.  Win.  lire. i,..r..;>.wnrP^_j.  The  hial 

,  •  c;  o  ,  ,.>agc  i.s  cr,ua!  to  the  heat  load  ol  the  lir.st  .stage  plu.-;  tlif  total  i>.wcr  input  to 

' .  ^  •  .\  !  -  -r [  ;  A.t:  v4  it  >»,  ii.-  li.t  '•  »» »  a  w  i  iiu  t-xpi  t  i  *  »ii  I  ■  >1  i  i  it  » v »  - 1  - i  i 
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T.'-..  ; .  riiiiis  ;tii  .lii  .n  a  iw(i-sia);t'  Lujlur  ma'.  be  illuKiratccI  bv  Uie  lullowing 

example.  A  .t,..;,-.  made  from  maicrialM  uiicb  'bat  /  =  2  v  1b  ^  ri^ar:  n  M 

■tiitl  .iie-raiiiia  laoa . .  2*'0  11  IluO*  K  !>  rrpoti’ed  by  two  stage.s.  e.ii'b  uperating  a’lUi  AT  aO 

•Vile. I  the  ciirretit,';  are  ior  r.iAXimom  rii'uienry,  the  coefficients  of  periormance  are  0  lb 

i  .1  uii-  .single  Mtage  cuoier  and  0.41i  lor  the  two  -  .sta^TC-  coolir  Hi.wiicr,  if  the  lu  rciit.s  .irc  adjualeJ 
...r  M.  js. , 1 1 1.| ng ,  ii,.-  Cl )«•  f 1 1 c  1  Oiit o  ai c  O.lfl  for  ihe  e’in;le  stage  Cooler  auii  only  O.l'j  lor  Ihe 

two-afage  cooler 


I-  urtlicr  imiirovemenl  could  be  obtained  by  ijAdteg  j  third  elagc,  out  tor  the  aburve  example  the 

(mproeaewei  . .,,,  ,1  ; atxiat  lU'i'i.  HI  K«»eriil.  the  Improvpiiieiit  for  two  sf>ye.s  i:,  gn  aic.it  when 

AT' A  r  IS  nc.iriv  "lillv.  'Alien  AT  AT  ■  1,  a  muUisUKC  ilevice  is  the  oiijv  way  to  remove  liuat 
111  111  ■  , 

iriiiii  tiie  cold  juncliiin  iiiitlcr  stt  ;>d>  state  opeiaiion. 

The  preieiiing  citsrussloii  Iw  itilerred  primarily  to  rasrnrlcd  sysieniw  v.’hich  the.  ol/jcciive  i» 

I  '  uiiiir.jve  •  flicipucj  with  ?.  given  temperature  dulercnce.  If  the  princijial  objective  Is  to  obtain  a 

!-rgc  tcihta  i  aiurc  (fun  rrnce  heiwci'i;  liic  i.o.<icd  region  and  the  heat  Sink,  each  stage  can  be  operated, 

inclii.  o-nt'y,  .it  Ileal  iy  ila  iiiaj>iiii>ini  ••""t'ernt-.irc  ■'Itffoi  tim-,  linriUt  Kiviiig  AT  AT  •  AT 

m  mj  m^ 

•i  r  •  •  AT  fnr  n  ■•i.ii.ii.  Since  ..pcratioii  witb  AT  'AT  is  inefficient,  successive  st.arps  .at 

:i..;  mn  'o 

(iii  hci  Iciiiiwr.iiarc.''  ii.  1..I  Is  ric'-icni  ,1  !  .  iiaiiiji  rapidly  increasing  aniounls  of  heal.  It  should  be  borne 
in  mind  th.it  AT  ^  >  .  ,  ,.  ;  f^suc  stages  even  11  lon.stant  rraioria!  proiXTtics 

•il  l  .i>..iiiiii  (i.  he  if  ihc  dcDoiidt  .oi  e  .»  AT_^  or.  t.hc  sqhare  01'  the  absolute  tpriiii-ram i  i  of  the  told 


ti.  .ui  I  .iig  tt'.e  desicri  ..1  m!iit;~la,;c  c.-'-olti  s.  d  is  clear  that  ii  w— nld  he  'jndr.c;;.ibk  to  .supply 
■  I  a.  II'.  .-.,1:  ..'..ic.  ,..i I  .ih  i'.  ir.i-  ;  .j.p.  leads  imni  .1  power  .siiooly  at  s  'rrr.ptralurt  of  app-.'-'ix- 

■hvitriv  lidO  'K  Ti  l  iiii  r:i,.ii  :  *hr  ! — !-  aoJ  liir  c.normal  irisul.dlmi  Ix-twi  •  r.  '.laces. 


M  i  c  h  i  o  a  n 


i;,f  i  i  -.ixi-.i  i  i.\  it-.-"  “u'.-l  rr:--..; -tl  b*.)Ui  L^r.siULUl^.-  uei>  oi  indllCienCV.  Avi'ld- 

.  . ^  -..1  --  ■  ••»-  :•  I  IL-: a  ;icL'.v»_iA  oi  uiitHji  ai  iT.cr  uiufifctriu 

1 1.  ^  an  currt-nr:.  supplipd  t"*  oacri  :irni  'f  riirh  n:  t^.v 

v  *v  i  w  ''I  .  »  }  1 1  .->1  •!..>  r^ucn  .t  ,  * i Ui  cirec f  ‘hemiai  aiici 

•  .•  -v-.  i'-.'-  .t;t  i  t-  It-r  ;??,  'ML!  •  t-.i'J;  ai  in  '\iii  iJt’  ciricrnaper* 

.  it.  I. II  ;  n,  .-->1  n.-i  li  ni  . -u.  Uit-  iiijin  ^t.JniL‘lr>  l^r  ^  v.>/upic 

--r  nia.ii'riai:.  v/ith  4^r.rqaa<  pivpciiitrs  (art*  Equitirm  u-jOj.  Here,  However,  the 
ri.ivlii.  aLcJ  v.>  ilii:  litai  iiie  cui  i  dii»  ill  Uie  arnie  ui  each  couple  are  unequal. 
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!r.  ?‘n'  ;2c5ijs*;  :;f  rijo^rf  D-ili,  ii  i«  Hf*.sun:eci  that  the  iignre  of  morit  oi  caca  element  is  2  x  10  “ ' 

K  .«M'i  fh.n  rn<-  tn-irij*  i.-t-  in  .u  is  us'-J.  Aldo,  i-acJi  sta^i*  m  dt'signed  ho  tiial 

1  ^  \  O.i).  ria  raiurvH  t>i  the  jxinrtiunH  and  rorfflrlrnts  nf  porforpiances  art* 

''  *  '  ^  AJdf.uKii  lia*  u  'ipereiure  di!iercnf*e  is  132^K,  the  over-all 

•  *  '  .  i.-  i»i'i  j.  i  lii.iiM  .  ..ni-  • \  I  f;;i  •  thr  A.rulu  » '.qUirc  1300  waits  i  1  ♦'K-tUMcai 

i’  J  •  ■  »  wiJ.r  ‘i*  L  •  n.  Irt'-  K  ».’ii  K  .11  ih*-  f.itr  ixi  .1  1  'A-.itl  It  ..‘uu  lcl  bi  J,  \  ei ,  liiul  Hie 

't  .  ti,...  vi>uKi  OL  dn.  otiipitsnva  with  a  power  oi  >^nly  30  watta  hy  the  uste  of  ten  ota^tes  uperatinx 
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.If  'p!ini;.in  ilfj.  i»  111  V.  Lui  Hu  iar**»it  ,  tlie  udv  oi  materials  with  a  fiviir**  r»f  mniHi  a  y  in 

.  .  .i..^  .  i,.t  .  i  ij.!* . «  ««.t  .M  walls  and  six  st.nn's. 
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iw  iii*4i  irf.riit*  ‘d  tc' i\  iri«>v<-xi  I'  -  k^rop 

i  .'ir  ;:.:;aiLa  3>oLli;i  .vo.'ld  mnke  p'^^^ihle  pinrh 

;:!U  •-  -II-P’  ^  :iti  Wjtll  1 1  *' •'  f ' '  i.pj  II' t,  d  . 


.  .  ..  ; . .  •:•  ;;;v  ut-u  ri.>r.  !rwt;i:if?  r..  •.•.•..h-:  .  i».icku4;  piaic  is  showii  in  Fif^tire 

Tite  t•.l^^^ie^  and  insui'iti-.-n  fit  nii-j  u  spac*.-  ti.at  wi»,  av.iilat'U  :n  U'.c  icnj>  cuui  dftertor  housing  of 


»  uni’  *  dud  Tilt*  I^tiUer  uonl*'**  prop^-r  !«;  -h  wn  in  D  23  nnd  ciui  Oe  to 

•  iiiMsi  •..‘i  IJ  .-MUpli's,  whi-r  :tro  rsrrar.j^cd  in  t  ic-c u  umIIv  .iiui  in  tur.ilh  •  f»'u-r>viiiv  'r^r  -JC' 


•  •.  >>>.  '%»'•  'I*  '‘  t*  art'. 

.‘. .1:.  t.it^d  b>  uu-  b*-amp  iK»wt*r  supply 


]'•-I  .:i  in  luliiL-i  lliojj  a  single  4  couple 
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.'  ir.'V  iiM-  tic.n  punipcj  wa»  abuul .)  wntty  and  the  ooeffirlent  "f  performance  about  0.15.  The  .’.ur. 
rent  was  cho««n  to  s!ve  mssinsuin  rate  of  heat  pump!ii(t. 

The  effect  of  llie  oxiier  on  Uie  ovcr-all  oerforniance  of  Uie  ifunslKfif  is  shown  In  J'iRurr  0-24. • 
Tl.i  i.iiio  >1  uif  o.oo.-(o,.jt.  yf  [tf  deieelor  alter  jt  ;s  cooled  •<>  *1,0  •■♦"•ectfvity  .ni  .iiisbif  isl  iemperaturc 

i. i  e.iJli'd  file  Uliprovi'nieiif  f.irfor  The  j:;  j'i  ovc!i:!':.f  I.e,  ii.e  n  i  rar.u".'  i'-  the  ji  ire  r  i -o  i;  th:.-.  The 
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